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Introduction 


Although not ignored, the problems of the early tectonic and vol- 
canic evolution of Mars have generally received less attention than 
those later in the evolution of the planet. Specifically, much atten- 
tion has been devoted to the evolution of the Tharsis region of 
Mars and to the planet itself at the time following the establishment 
of this major tectonic and volcanic province. By contrast, litt le 
attention has been directed at fundamental questions, such as 
“What were the conditions that led to the development of Thar- 
sis?” and “What is the cause of the basic fundamental dichotomy of 
the martian crust?” It was to address these and related questions of 
the earliest evolution of Mars that a workshop was organized under 
the auspices of the Mars: Evolution of Volcanism, Tectonism, and 
Volatiles (MEVTV) Program. 

The Workshop on Early Tectonic and Volcanic Evolution of 
Mars was held October 5—7, 1988, on the eastern shore of Maryland 
at the historic Tidewater Inn. The number of attendees was 
about 50, and the setting and program provided ideal and welcome 
opportunity for ample discussion of both contributed papers and 
more general issues. 

A fair question that had to be addressed was what is meant by 
“early Mars.” For a number of reasons I consider early Mars as that 
part of martian history up through the Early Hesperian in Tanaka’s 
1986 stratigraphy. At the boundary between the Early and Late 
Hesperian, martian geologic activity changed from more nearly glo- 
bal to progressively more concentrated at a few localities. Volcanism 
during the Early Hesperian was widespread; the eruption of the 
Lunae Planum age ridged plains is recorded throughout Mars. In 
later times volcanism was more confined to the prominent tectonic 
centers (Tharsis and Elysium) and to the northern plains. There is 
also some indication of climatic change at the boundary between 
the Early and Late Hesperian: Widespread runoff channels give way 
to the large, prominent, but more localized, outflow channels. 
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What are some of the major problems that remain to be solved 
for early Mars? An incomplete and individual list might include: 

1. What was the origin and original extent of the crustal dichot' 
omy of Mars? When was this dichotomy established? Was the pri- 
mary process endogenic or exogenic? 

2. Are the cratered highland and lowland plains actually compo- 
sitionally distinct? Are both basaltic in composition? 

3. What was the nature of early geochemical processes? How dif- 
ferentiated is Mars? Were there early surface-atmosphere interac- 
tions that were important? Has there been recycling of crustal 
material? 

4. What was the role of large and very large impacts in early 
crustal evolution? Did these do more than introduce topographic 
variations? Did they localize later tectonic and volcanic events? 

5. Was early mantle convection an important process in crustal 
evolution? Did convection cause subcrustal erosion? Did it provide 
for localization of heat sources in the crust, or contribute dynamic 
support early in the evolution of the major tectonic centers? 

6. How and why has martian volcanism changed with time? 

What was the origin of early highland volcanism and the reason for 
its apparent early demise? What caused volcanic and tectonic pro- 
cesses to become localized later in martian history? 

7. What were the nature and origin of early stresses in the crust? 
How old is the oldest faulting, and was it only impact related or 
were other processes equally important? 

8. What led to the formation of the Valles Marineris system of 
large grabens? Why is there only one such system? When did the 
original faulting begin? What is the relationship of the Valles 
Marineris to Tharsis? 

9. What led to the development of Tharsis and Elysium? Why are 
there two (and only two) such prominent centers? Why is Elysium 
so “underdeveloped” in comparison with Tharsis? 

10. Were there major early excursions of the martian pole of 
rotation? Is the evidence for polar change really only climatic 
change? 

The above list is by no means complete, but it does provide some 
idea of the large number of very fundamental questions about Mars 
that have their roots in the earliest history of the planet. The work- 
shop did not address all of these issues, but many of these questions 
were the points around which the four half-day sessions were orga- 
nized. It is fair to say that no issues were settled as a result of the 
workshop; but approaches, progress, shortcomings, and new 



5 


directions were laid out. Having raised the questions was important; 
it is clear that there is much we still do not understand about Mars 
(especially early Mars). It is equally clear that progress on some o 
these questions can be made, even with existing data and modeling 

^Summaries of each of the four sessions are included in this report, 
thanks to the efforts of the reporters who worked hard to keep up 
with the many questions and comments that characterized the dis- 
cussion periods. It was perhaps these periods of discussion as muc 
as the actual presentations that made this workshop so successful. 


Herbert Frey 
Greenbelt, Maryland 
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Program 


Wednesday, October 5, 1988 
8:30 a.m.-12:15 p.m. 


SESSION It CRUSTAL DICHOTOMY 
Chairman: K. L* Tanaka 


’The Relevance of Knobby Terrain to the Martian Dichotomy 
D. E. Wilhelms and R ■ J Baldwin 

*The Martian Crustal Dichotomy 

G. E. McGill 

Origin of the Martian Crustal Dichotomy 

H. Frey and R. A Schultz 


DISCUSSION . .. 

Weal Modification Along .1* Ctaiced Tc.in Boonda,,. Eas.e.n Hmi. pK«. M» 
T. A. Maxuiell 

Origin of Fluvial Valle, . and Earl, Geological His.or,, Aeolic Quadrangle 
G. R. B rakenridge 


Ground Ice Along the Northern Highland Scarp, Mars 
B. K. Li icchitta and M. G. Chafrnian 


Northern Plains of Mars: A Sedimentary Mode! 
R. S. Saunders 


DISCUSSION 


1:30 p.m.-5:00 p.m. 


SESSION 11: CRUSTAL D1FFERENTIATION/VOLCANISM 
Chairman: 1. R. Zimbelman 


‘Chemical and Physical Properties of Primary Martian Magmas 
J. R. Holloway and C. M. Bertka 

Sulfide Mineralization Related to Early Crustal Evolution of Mars 
R. G. Bums and D. S. Fisher 

‘Volatiles, Outgassing, and Water Evolution 
B. M. Jakosky 

DISCUSSION 

‘Early Volcamsm on Mars: An Overview 
R. Greelry 

The Martian Highland Paterae: Evidence for Explosive Volcanism 
D. A. Croum and R. Greeley 

Potential Indicate- of Py.octeic Aenvi,, n=a. El,tiun, Mon., Mart 
K. McBride , J. R- Zimbelman, and S. M. Clifford 

Conditions on Early Mars: Constraints from the Cratering Record 
N. G. Barloui 


DISCUSSION 


* Refers to invited papers. 
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Thursday, October 6, 1988 
8:30 a.m.- 12:00 noon 

SESSION nL THARSIS, ELYSIUM, VALLES MARINERIS 
, Chairman: H. Frey 

TW * R *“ “»*«<"• vww™, - i mPli c, ti „, 

Models for the Origin of Tharsis 
R Phillips 

^ N “ * “+ Q- - W— Tectonics 
DISCUSSION 

■“"■S ' 01 ,h ' El “' k Li ' h “l*' re °< Constrainis on Thcml G„d,e„„, & „i„| Thickness. 

S. C. Solomon and}. W. Head 

An Ancient Valles Marineris? 

R. W. Wichman and P. H. Schultz 
DISCUSSION 

Friday, October 7, 1988 
8:30 a.m.- 1 2:00 noon 

SESSION IV: RIDGE AND FAULT TECTONICS 
Chairman: S. Solomon 

F t« n Sjrs:L Hi ‘' o, ' c “ l D ' v ' iop "”" * r *°- ■ -»*» 

Noachian Faulting in the Memnonia Region of Mars 
J. K. umbelman 

Early Resurfacing Events on Mars 
H. Frey, J. Semeniuk, and T. Gram 

DISCUSSION 

Towards a Chronology of Compressive Tectonics on Mars 
A. t. Chicarro 

Origin of Wrinkle Ridges 
J. Plescia and M. Golombek 

Wrmkle RidgeS in Ridged P,ains Units Mars 

wSSSS: *' * - 1— IW •>*. ok Mars ikon, *. 0 ^„ ric , of 

M. T. Zubin and L L Aisr 

DISCUSSION 
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Workshop Summaries^ 


SESSION I: 

CKUSTAL DICHOTOMY 

R. A. Schulti 


Don Wilhelms (coauthor, R. J. Baldwin) described the 
relationship between the age of knobby terrain and the 
existence of the Borealis basin. Ages prev.ously suggested 
for knobby terrain (based on crater co ' ,n « ^' hin * * 
northern lowlands were not contested. Wilhelms and 
Baldwin view the Borealis basin as having occurred so ar 
back in martian history that it predates all observed geo ogy. 
Unfortunately, this assumption also means there will be 
little evidence of the impact remaining for testable stu y. 
The authors also like the idea of a large (not giant) impact 
basin in southwestern Thars.s in Daedalia, as also suggested 
by Herb Frey and Richard Schultz. No explanation as to 
why Tharsis is located outside or astride the propose 
Borealis rim was offered. The inference is that in their 
model the origin of Tharsis is not related to the origin 
of the crustal dichotomy (as produced by the giant impact 
that formed the Borealis basin. During the discussion that 
followed, George McGill questioned the need for a giant 
impact to explain the lowland topography since 
proposed Utopia basin could account for many of the effects 
suggested for Borealis (at least for eastern Mars). Frey 
pointed out that crater retention ages for the knobby terra.n 
near the center of the proposed Borealis basin were as 
great as those in the southern highlands. He asked w y 
old knobby terrain of such age would exist at high elevations 
within the Borealis basin if a giant impact had indeed 
occurred prior to all martian geologic history and produced 
a lowlying basin. Various suggestions were offered about 
interior rings, superimposed impact basins and the like. 
Baerbel Lucchitta pointed out that Orientale may no 
a good model for basin topography and rebound when scaled 
up to the size of the proposed Borealis basin. Bill Hartmann 
raised again the issue of whether the adjacent location of 
Tharsis implied that there was no relation between Tharsis 
and the Borealis basin. In response to a question by 
Sean Solomon about the size of the transient cav|ty o 
his proposed basin, Wilhelms suggested the full diameter 

McGill summarized his concerns about the Borealis basin 
hypothesis and that of overlapping large impacts by Frey 
and Schultz (not yet presented) as the way to explain the 
origin of the crustal dichotomy. Arguments raised included 
the poor fit of Borealis to the cratered terrain/lowland 
plains boundary, the nonbasin-like interior topography of 
the northern lowlands, and an incorrectly assumed (by 


McGill) need for clustering if the dichotomy is to be made 
by multiple impacts. Scaling questions were again raised 
during the discussion period. Despite h.s objections to the 
impact (single or multiple) hypotheses for the origin of the 
crustal dichotomy on Mars, McGill offered no alternative 

""Hey (coauthor, R. A. Schultz) presented a model for 
forming the dichotomy by overlap of large (but not giant) 
impacts, pointing out that the variable lowland topography 
and terrain boundary characteristics are more easily 
explained if several large impacts had contributed. They 
presented suggestions of additional large impact basins 
especially in the Tharsis area and suggested that one of 
the effects of overlapping large impacts might be to 
concentrate long-lived thermal and volcanic effects, 
perhaps leading to the growth of Elysium and Tharsis. 
During the extended discussion period that o owe , 
Wilhelms raised the issue of what was the appropriate 
production function for very large impacts early in martian 
history. Hartmann asked how the D~ 2 function assumed 
by Frey and Schultz matched up with that for large impact 
craters smaller than 100 km. Hartmann also later pointed 
out that the discussion about the origin of the dichotomy 
was concentrating on an impact-related model, althoug 
there was considerable disagreement about whether one 
or several impacts were the cause. Steve Squyres argued 
that the probability of having many large impacts within 
the small area of the northern lowlands was small and that 
it was dangerous to extrapolate the expected effects of 
large or giant impacts from the Orientale model. For eastern 
Mars, though, at least two large, overlapping impacts have 
been proposed: Elysium by Peter Schultz and Utopia by 
George McGill. Frey and Schultz think these dominate 
the origin of the dichotomy in eastern Mars. It is not clear 
how relevant such probability arguments are, nor is the 
significance of the high-standing old relic terra.n within 
the northern lowlands fully understood. Better topography 
should help resolve some of the questions raised about the 
number and size of impacts and their contribution to the 
origin of the northern lowlands of Mars. 

Ted Maxwell described his model for erosional landform 
development along the highland boundary in one portion 
of eastern Mars. During the discussion, Baerbel Lucchitta 
noted the similarity of fretted channels to the channe ed 
smooth deposits studied by Maxwell Ron Greeley 
emphasized that the origin of knobs is still not clear and 
that knobs at high elevation may be different from those 
in lowlying regions. 
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George Brackenridge described relative ages of wrinkle 
ridges and channels in the Aeolis portion of eastern Mars. 
Landform orientation as shown by rose diagrams were an 
important basis of his conclusions, since no clear embayment 
relations were found commonly throughout the region 
bquyres suggested that if the statistical alignments were 
real, preexisting structures might be controlling the 
orientations of both the ridges and the channels. He cited 
Dave Fieri ’s work that showed that digitate channels in 
some areas can predate the ridged plains. 

Lucchitta (coauthor, M. G. Chapman) discussed 
evidence for ground ice along the highland boundary in 
Ismemus Ucus. It appears that some hills and mesas once 
had lobate debris aprons that were embayed by plains and 
then had the debris aprons removed. The mechanism for 
removing the aprons to form the depressions around the 
hills remains a problem. 

Steve Saunders summarized observational evidence and 
calculated estimates of the martian water inventory, then 
discussed locations within the northern lowlands where 
lacustrine deposits appear to demonstrate that a Borealis 
ocean” may once have existed. The session ended with 
an artistic rendition of such a Mars, on which point the 
meeting was adjourned. 


SESSION m 

CRUSTAL DIFFERENTIATION AND VOLCANISM 

C. M. Bertka and M. W. Schaefer 

John Holloway (coauthor, C. M. Bertka) opened this 
session with an invited paper discussing the chemical and 
physical properties of primary martian magmas. The first 
(1-2%) partial melt from a composition consistent with 
both phase equilibria and the estimated density of the 
martian mantle will be relatively rich in iron and poor 
m magnesium, compared to a similar melt on the Earth. 
Fractionation of the magma will increase the relative iron 
enhancement. Because of the higher iron content of the 
martian mantle, the density cross-over, which determines 
whether a melt will sink or rise, occurs at a lower pressure 
on Mars (at 35-40 kbar) than on the Earth (50 kbar). Based 
on experimental results the viscosity of the melt was very 
fluid about equivalent to that of Prell shampoo. During 
the discussion Sean Solomon pointed out that the moment 
of inertia of Mars is not well known, so the density of 
the martian mantle is also too poorly known to estimate 
the iron content reliably. He also questioned why the phase 
equilibria studies were done at a pressure of 23 kbar rather 
than at some lower pressure perhaps more reasonable for 
early martian magma source regions. Holloway replied that 
these results were part of an ongoing study of terrestrial 
melting processes and that data at lower pressures would 
soon be available. He indicated that the general results 


rr^ r i ab,y c? Pl ' Cable OVer a range of P ressures from 
5 300 kbar. Solomon then asked how such dense magmas 

could reach the martian surface. Holloway pointed out that 

the addition of as little as 1% water or carbon dioxide 

in the magma would drastically reduce the density of the 

melt If water were the volatile, silica-rich magmas would 

result; carbon dioxide would produce silica-poor low 

viscosity magmas. Estimates of flow length for martian 

volcanic flows (the few that exist) favor the low viscosity 

Roger Burns (coauthor, D. S. Fisher) described how 
sulf.de mineralization could be related to early crustal 
evolution of Mars. Komatiites have been proposed as analogs 

° f e ci raartlan aVaS ’ baSed on c °mpositional similarities 
YRiz 4 ^ meteorites and martian fines (from Viking 
AKb data) and on their presence on the early Earth. On 
the Earth komatiites are often associated with massive 
sulf.de deposits. Because sulfur is very soluble in iron-rich 
basaltic melts, there could be significant sulfur in the 
martian mantle and in martian lava flows. This might 
provide the source for the observed sulfur in the martian 
fines. During the discussion Herb Frey asked whether most 
of the sulfur would have been depleted early on Mars and 
whether later lava flows might be sulfur poor. Are not 
the fines some long-time average of the entire martian 
crust? George McGill asked whether the source region 
would have to be deep to account for the high temperatures 
normally associated with komatiitic lavas (on the Earth). 

urns replied that early geothermal gradients on Mars were 
probably high, a point echoed by Norm Sleep. Solomon 
asked about chemical equilibrium between the mantle and 
an assumed iron-rich core, wondering if the martian mantle 
could indeed be sulfur rich. Burns replied that with a 
chondntic abundance of sulfur on Mars, equilibrium 
between the core and mantle still leaves appreciable 
amounts of sulfur in the martian mantle, so the komatiitic 
model has merit. 

Bruce Jakosky (coauthor, T. A. Scambos) discussed the 
volatile inventory, outgassing history and evolution of water 
on Mars. Based on a variety of observational and theoretical 
estimates fifty to several hundred meters (surface 
equivalent) of water has outgassed from Mars and several 
hundred meters or more still remain within the planet. 
Most of the outgassed water has escaped to space, especially 
during times of maximum insolation stemming from 
obliquity variations. Most of the remainder is currently 
locked up in the polar caps. Questions during the discussion 
period focused on isotopic comparisons between the Earth 
and Mars. The D/H ratios for Venus and Mars are higher 
than for the Earth. This is taken to indicate loss of water 
to space. This means the model for loss is highly dependent 
on the nitrogen isotopic ratio values. Solomon expressed 
concern about the Greeley calculations of outgassed water 
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over martian history, because these are critically dependent 
on the assumed amount of water in martian lavas. Jakosky 
replied that the best estimates for minimum outgassed water 
on Mars came from Carr’s calculation of the amount 
required to carve the outflow channels. 1 hese agree with 
Greeley’s estimates. Solomon asked whether this might not 
be water accreted as a veneer late in the formation of 
Mars. Holloway pointed out that the presence of hydrated 
minerals in one SNC meteorite suggested water in the 
martian interior. Sleep said it is possible to put almost 
arbitrary amounts of water in sediments and hydrated 
silicates, where it would remain isolated from the 
atmospheric D and H budget. 

Ron Greeley presented an overview oi early volcanism 
on Mars. The emphasis was on photogeologic studies of 
flood-type, apparently low-viscosity lavas and on the 
highland patera, which may have formed as 
phreatomagmatic eruptions of lavas through a water- 
saturated regolith. He suggested that komatiites were a good 
analog for the lavas and that high discharge rates were 
likely to have produced turbulent flow and significant 
mechanical erosion such as that caused by catastrophic 
water flow on the Earth. The highland patera eruptions 
may have produced large volumes of ash deposits. Jakosky 
asked whether the early atmospheric pressure on Mars could 
suppress explosive volcanism, but the answer appears to 
be no. 

Solomon wanted to know how long a single lava flow 
on Mars could be. Jim Zimbelman and Greeley replied that 
some could be up to 500 km long. Ben Chao asked about 
the importance of gravity on volcano morphology. Greeley 
replied that while gravity is important, the high diffusion 
rate is a more dominant factor. Frey again asked if the 
main reason for the komatiitic analog model was the XRF 
analysis of martian fines, and if so, were these not a time- 
average of all martian volcanism, not confined to just early 
martian time? Greeley admitted this could be the case but 
suggested that the lavas were from a single basin. Greeley 
also replied to a question by Frey as to whether komatiitic 
lavas were reasonable analogs for younger volcanic events 
on Mars by stating emphatically that the morphology of 
the large, young shield volcanoes is not consistent with 
komatiites. 

Dave Crown (coauthor, R. Greeley) then discussed 
evidence for explosive volcanism on the martian highland 
patera. Two cases for such eruptions exist: lava can rise 
through a water-saturated regolith, or the lavas themselves 
can be water rich. Energetics for either possibility appear 
reasonable to produce the observed morphologies seen on 
Mars. Pyroclastic flow is more likely than air-fall ash deposits 
because of the large inferred volumes of the patera. Crown 
favors the hydromagmatic origin rather than water-rich 
lavas, suggesting that the decrease in explosive activity over 


time could be due to progressive loss of water from the 
regolith. In discussion Zimbelman asked whether there was 
evidence for multiple explosions at the same site, but Crown 
said the resolution of the available imagery was not good 
enough to answer the question. Crown also pointed out 
his model for flow was conservative and not likely to be 
sensitive to choice of coefficient of friction, which Walter 
Kiefer had suggested was incorrect. Baerbel Lucchitta asked 
if the explosive activity would put large amounts of water 
into the early atmosphere. Ken Tanaka suggested that the 
martian surface was even more permeable than previous 
estimates, making Crown’s model even more plausible. 

Kathleen McBride (coauthors, J. R. Zimbelman and 
S. M. Clifford) described potential indicators of pyroclastic 
activity near Elysium Mons. The eastern flank of the 
volcano appears relatively smooth with no distinct lava 
flows. Impact craters are subdued as though mantled. Cinder 
cones and other small domes are widespread; volcano- 
ground ice interactions seem possible. The slope of Elysium 
Mons steepens toward the summit to about 18°, which 
may indicate pyroclastic activity. In the discussion that 
followed there was some debate about the relevance of 
steep upper slopes. Frey asked why there were so few 
indicators of pyroclastic deposits observed on Mars, given 
the abundant evidence for both extensive volcanism and 
water. Greeley noted that ash flows are not easily 
distinguished from aeolian deposits and also are easily 
degraded. Lucchitta recalled Dave Scott’s idea that there 
are extensive ash flow deposits on Mars. Sleep said that 
many pyroclastic constructs are quite small and may be 
below the resolution limit of current imagery. Lucchitta 
suggested that layered deposits in the interior of Valles 
Marineris may be ash deposits. 

Nadine Barlow presented the final talk of the session, 
discussing constraints on the conditions of early Mars 
provided by the cratering record. Her results of crater counts 
suggest that small volcanoes on Elysium and Tharsis formed 
at the end of the heavy bombardment during the major 
episode of intercrater plains formation in the southern 
highlands. Fretted terrain along the highland boundary has 
a much younger age, with knobby terrain in the northern 
lowlands having a similar age. The discussion that followed 
was lively. Don Wilhelms questioned exactly which craters 
were used for counts in the knobby terrain. Barlow replied 
only whole, clearly visible (no partial or ghost) craters were 
counted. The counts include both superimposed and 
protruding craters, but separation on the basis of geologic 
unit had been done. Lucchitta and Frey spoke about the 
alternative technique, used by Neukum and Hiller, in which 
all craters are counted and geologic events are deduced 
from changes in slope of the curves. Frey reported that 
his studies of many of the same areas described by Barlow 
produced similar results for the sequence of events. 
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SESSION IH: 

THARSIS, ELYSIUM, VALLES MARINERIS 

W. B. Barter dt 

Ken Tanaka (coauthor, J. M. Dohm) opened the session 
with a description of volcano-tectonic provinces in western 
Mars. Much greater detail is now available in the 
stratigraphic record, and the authors have tentatively 
identified seven volcano-tectonic provinces surrounding the 
Tharsis area, each with locally distinctive features. Faults 
and ridges have been grouped by geologic age, based on 
the stratigraphic relationships augmented by crater counts. 
Questions were raised about the dating of linear features 
by crater counts vs. geologic relationships. A general 
consensus emerged that geologic relationships provide the 
best constraints in active areas such as Tharsis. In more 
homogeneous regions, linear crater counts become the 
method of choice. 

Roger Phillips summarized much of the theoretical work 
done in the last 10 years on the evolution of Tharsis, then 
described his recent work on isostatic open-system magmatic 
differentiation models. He concludes that the source depth 
for Tharsis magmas must have been less than 250 km and 
that the crust has been thickened and its density increased 
by intrusion. There was no proposal for what led to the 
origin of Tharsis. In the discussion that followed, Bruce 
Jakosky asked about the effect of thermal contraction on 
the stress models. Phillips replied that this would provide 
a late but comparatively small load on the lithosphere and 
that other loads were probably more important in Tharsis 
tectonics. Sean Solomon pointed out that in a convecting 
system, the residual products of partial melting might be 
recycled into the mantle and replaced by pristine material. 
Phillips said his model assumes that the source region lies 
above the convecting portion of the mantle, interacting 
only in a thermal sense. Herb Frey noted that while the 
Tharsis stress models adequately explain the orientation 
of the Valles Marineris, these models do not offer any 
explanation as to how the huge canyons formed or why 
they are so deep. Tanaka added that much of the local 
faulting, although consistent with regional trends, appears 
to have been triggered by local activity. Norm Sleep 
suggested that some insight into the past state of stress 
could be derived from reconstructed ”paleo-topography” 
based on old drainage patterns. 

Sleep (coauthor, K. J. Zahnle) then discussed the theory 
that late iron loss from the lithosphere could provide a 
mechanism for the formation of the crustal dichotomy 
and/or Tharsis. He concluded that the mechanism is 
unlikely to be important, based on constraints from 
Pb isotope ratios in shergottites and the lack of any evidence 
for late energetic impacts. Responding to a question by 
Jakosky, Sleep stated that the time of Fe-loss could be 


determined from Pb ratios to an accuracy of 0.1 to 0.5 b.y. 
Regarding the question of a late impact flux, Solomon asked 
whether anyone had ever added up the material involved 
in making the observed impact basins to see whether these 
represented a significant addition to the crust. Sleep replied 
that his estimate was that 30 Orientale-sized impacts would 
be needed to have any major effect, but that scaling 
uncertainties for large diameter basins made such an 
estimate difficult. Furthermore, there is little evidence for 
a special class of late impacting large objects, which the 
mechanism would require. 

Walter Kiefer (coauthor, B. H. Hager) presented a 
convective model for support of Tharsis and Elysium. He 
suggested that the broad swells of Tharsis and Elysium 
implied internally heated convection. Bottom-heated 
convection would produce narrow plumes that would 
produce more localized volcanic structures at the surface. 
Using a finite-element convection model with a Rayleigh 
number of 10 , the computed amplitudes of the long- 
wavelength topography and gravity were similar to those 
seen for Tharsis and Elysium, Solomon asked what fraction 
of the planetary heat flow would be contributed by the 
postulated two major plumes (one each for Tharsis and 
Elysium) and why convective effects on Mars should be 
so much greater than those on Earth. Kiefer replied that 
he used the average planetary heat flux in his model (which 
underestimates the actual heat flow contribution) and that 
on the Earth the higher Rayleigh numbers appropriate for 
the mantle would produce smaller surface effects. Don 
Wilhelms asked whether the plumes “care” what the surface 
is like (are plumes affected by near-surface structure?)- 
Kiefer replied that small plumes responsible for discrete 
volcanic constructs will “prefer” to form in the plateau 
regions associated with general upwelling. In response to 
a question by Frey, Kiefer said that the style of convection 
he described (one or two major upwellings with a number 
of smaller plumes) might not be typical of all martian history. 
Phillips suggested that as the planet evolves thermally and 
the Rayleigh number changes, an increase could be expected 
in the amount of uplift accompanying convection, for which 
there is no evidence. Kiefer said this effect could be 
counterbalanced by an increase in lithospheric thickness 
with time. 

Solomon (coauthor, J. W. Head) presented a paper in 
which he used inferred variations in the elastic lithosphere 
thickness to constrain near-surface thermal gradients and 
the crustal thickness. Temperature differences appear to 
be too large to be the remnants of impact heating, so he 
inferred that lithospheric thickness variations were due 
primarily to mantle dynamic processes. These may be similar 
to lithospheric reheating that occurs beneath hot spot 
volcanic centers on the Earth. Bill Hartmann asked whether 
impacts could cause major variations in the lithospheric 
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thickness. Solomon replied that this is a second order effect 
compared to mantle dynamic processes, krey noted that 
multiple or overlapping impacts in the same region would 
prolong the local heating. Phillips pointed out that the 
temperature cannot continue to rise indefinitely over a 
static hot spot, but Solomon said he could not say anything 
quantitatively about the nature of the plume. He noted 
that even at Hawaii it is not clear whether the lithosphere 
is in thermal equilibrium with the plume. 

Richard Wichman (coauthor, P. H. Schultz) gave the 
final paper of the session in which he disc ussed a shallow 
trough system near Hellas that he interprets as the remains 
of an ancient canyon system comparable to Valles Marineris. 
He suggested the two canyon systems formed along impact- 
related fracture zones concentric to the Hellas and Chryse 
basins, respectively. Tom Watters asked whether the 
observed much shallower depths of the Hellas canyons 
might be close to the original depths. Wichman noted the 
age of the Hellas Canyons is roughly the same as Hellas 
itself, and they are therefore much older than the Valles 
Marineris. As such they may have suffered greater erosional 
modification. Frey pointed out that there is no indication 
of scarp retreat in the Hellas canyons such as is common 
in the Valles Marineris. Tanaka noted that there is no 
evidence that the Valles Marineris follow older structures, 
such as impact -related fracture zones. Wichman replied that 
the older structures may have been capped by flood 
volcanics. Ted Maxwell suggested the extent of the Hellas 
canyons was too limited to truly describe a concentric 
pattern and wondered if there were other examples 
elsewhere around Hellas. Wichman stated that this work 
was still in progress. 

SESSION IV: 

RIDGE AND FAULT TECTONICS 

R. A. Schultz 

The paper by Scott and Dohm was not presented due 
to illness but had been summarized in the previous session 
by Ken Tanaka. 

Jim Zimbelman described his results ot mapping large 
ridge-like structures in NE Memnonia. These do not appear 
to be normal wrinkle ridges, having great relief (2-3 km) 
and are possibly of Noachian age. He suggested an origin 
by normal faulting rather than by contraction. During the 
discussion he also pointed out that the orientations of these 
features were inconsistent with Tharsis-centered stresses, 
tidal despinning models, or polar wander-induced stresses. 
Baerbel Lucchitta asked why these ridges look so different 
from younger ones and suggested that material differences 
were a possibility. Sean Solomon asked about the origin 
of the 3 km fault relief. There followed general discussion 
about timing relationships between cross-cutting Memnonia 


Fossae grabens and the high-relief ridge, and why the ridge 
morphology and relief changes across the apparently 
younger graben remain unknown. 

Bob Craddock (coauthors, R. Greeley and P. R. 
Christensen) discussed grooved landforms on older highland 
units and their relationship to basin ejecta. They infer the 
possible existence of a large impact basin in Daedalia, as 
suggested earlier in the meeting by Frey and Schultz. George 
McGill raised questions about sampling bias. Zimbelman 
asked about parallel subjacent ridges in Memnonia. Buck 
Sharpton suggested the grooves may be too far from the 
suggested source impact basin to be related to it. 

Herb Frey (coauthors, J. Semeniuk and T. Grant) 
discussed estimates of the thickness of resurfacing materials 
using the Neukum and Hiller crater counting technique. 
Ridged plains may be as thin as 250 m, and probably do 
not exceed 500-600 m in Lunae Planum and Coprates. 
He also suggested that ridge plains in Memnonia thought 
to be of Noachian age based on total crater counts may 
in fact be relatively thin flows of Hesperian age through 
which an older surface still shows. The discussion that 
followed was lively. Don Wilhelms noted that his approach 
to crater counts (selecting fresh vs. degraded craters) gave 
equivalent results to those of Frey et al. (who use bendaways 
in the cumulative frequency curves to define resurfacing 
ages). McGill noted that an assumption of the technique 
was that timescales for resurfacing must be shorter than 
those for repopulation by new impact craters. The 
comparison between Wilhelms and Frey et al. suggests this 
assumption is good for the areas studied. Tom Watters 
asked about the role of topography in estimates of thickness 
of resurfacing units. Frey replied that this technique only 
provided an average over the entire area in which craters 
were counted. Zimbelman suggested that very high 
resolution images could be used to determine whether the 
statistically defined resurfacing coincides with the observed 
overlap of plains units at the indicated diameter. In response 
to a question by Jim Garvin, Frey emphasized that the 
resurfacing ages derived refer to the end of the resurfacing 
event and not to its duration. 

Augustine Chicarro presented some generalizations 
derived from his extensive data set of 16,000 ridges on 
Mars, classified by several useful parameters. He described 
a possible correlation between well-formed ridges and craters 
having fluidized ejecta blankets. He discussed ridge 
orientations for different ridge morphologies and locations. 
During the discussion Wilhelms pointed out the importance 
of separating age of ridges from ages of underlying terrain. 
Lucchitta asked about the significance of high-relief vs. 
low-relief ridges. Sharpton stated that a volatile-rich 
substrate was not required for the formation of lunar wrinkle 
ridges. He suggested mechanical decoupling of competent 
and less competent underlying materials. Roger Phillips 



1 2 MEVTV Workshop on Early Tectonic and Volcanic Evolution of Mars 


asked whether different models for Tharsis-centered 
compressive stresses could be discriminated by Chicarro’s 
data set. 

Jeff Plescia (coauthor, M. P. Golombek) presented their 
model for production of ridges by thrust faults. Ridge 
morphology would be due to a combination of the main 
thrust and additional near-surface faults. One problem with 
the buckling-instability model for ridge spacing control is 
that shallow dipping limbs implied in their ridge topography 
models (about 5°) do not allow faulting to begin along the 
fold limbs (need about 25°). In the discussion period Jayne 
Aubele asked how they chose to partition strain between 
faulting and folding. With their choice, thrust faults fail 
to reach the surface, which is contrary to their preferred 
model. Tom Watters noted apparent reversals in the sense 
of ridge asymmetry and suggested this surface phenomenon 
argued against thrust faults dipping in opposite directions. 
Ted Maxwell noted the Plescia-Golombek model required 
secondary, near-surface splay faults to control most of the 
wrinkle ridge topography, rather than the main thrust fault. 
Lucchitta reported no evidence for splay faults in a 
terrestrial analog, the Meckering thrust in Australia. 

Watters presented an analysis of wrinkle ridge spacing 
as controlled by buckling instability. He invoked freely 
slipping multilayers to reduce critical stress for buckling 
to reasonable levels. In this way he could explain ridge 
spacing with a combination of thick competent layers above 
much weaker material, assuming the underlying lithosphere 


did not participate in the folding. In the discussion Richard 
Schultz noted that regular spacing of wrinkle ridges must 
be explained by a successful folding or faulting model. Based 
on fault mechanics considerations, he pointed out that 
thrust faults must be at least twice as deep as ridge spacing 
for the faulting model to be applicable. Sharpton asked 
about the role of initial topography (or topographic 
perturbations) in localizing ridge location. Norm Sleep raised 
the spectre of thick-skinned vs. thin-skinned martian 
tectonics. He speculated that creep at depth along deep 
faults may contribute to ridge spacing, thereby implying 
a thick-skinned model was appropriate. 

Maria Zuber (coauthor, L. L. Aist) also investigated 
buckling instability as controlling ridge spacing and 
summarized results from a suite of models, including both 
thick- and thin-skinned folding. During the discussion 
Watters pointed out that the thickness of the underlying 
lithosphere was unconstrained in their model and that very 
long wavelength gentle folding would be implied. McGill 
spoke about the use of viscous vs. elastic formulations and 
mentioned cases in which they could be interchangeable. 
Lucchitta asked the dreaded but relevant question: Where 
did the compressive stress for folding or faulting come from 
(a point ignored in all the presentations)? To date none 
of the analyses have been able to link stress magnitudes 
required for control of ridge spacing with those associated 
with Tharsis evolution. 


abstracts 
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CONDITIONS ON EARLY MARS: CONSTRAINTS FROM THE 
CRATERING RECORD. N. G. Barlow, Lunar and Planetary Institute, 
3303 NASA Road One, Houston, TX 77058. 


Crater size- frequency distribution data provide important 
information about the relative ages of different geologic units. 
The shapes and vertical positions of size- frequency distribution 
curves give identifing information about the population of 
impactors responsible for the crater record retained within a 
particular unit. The relative plotting technique is a 

normalization method which clearly shows the slope variations 
associated with differences among the impacting populations (l) . 
Within the inner solar system, two populations of impactors have 
been determined from the shapes and crater densities of the 
distribution curves: an old population displaying a multi-sloped 
distribution curve emplaced during the period of 
bombardment and seen in the heavily cratered regions of the 
moon, Mercury, and Mars, and a younger population whose 
distribution curve follows a power law function and which has 
dominated the cratering record since the end of heavy 
bombardment. This latter population is primarily recorded 
within the lightly cratered regions of the Moon and Mars (2). 
On Mars approximately 60% of the terrain units display 
distribution curves indicative of formation during the period of 
heavy bombardment. These units consist of the heavily cratered 
southern highlands, the equatorial ridged plains, and many of 
the small volcanic constructs within the northern hemisphere 


(3) 

Size- frequency distribution curves of craters superposed on 
small volcanoes in the Tharsis and Elysium regions reveal that 
most of these constructs formed during the period of heavy 
bombardment. Crater densities indicate that most formed 
contemporaneously with the major episode of intercrater plains 
formation in the southern highlands, one of the oldest terrain 
units seen on Mars (Fig. 1). The process(es) which formed the 
hemispheric dichotomy therefore must have occurred extremely 
early in martian history, prior to formation of most if not all 
terrain units presently existing on the planet's surface. In 
particular, the fretted and dissected terrain located along the 
plain-highlands boundary scarp cannot date from the dichotomy- 
forming event since this region exhibits a relative age younger 
than that of the small volcanoes north of the boundary. In 
addition, the relative age of knobby terrain within the northern 
plains (regions interpreted as buried cratered upland material 

(4) ) is statistically identical to that of the boundary scarp 
material (Fig. 2), further supporting the assertion that the 
process causing the global dichotomy, whether internal (5) or 
external (6, 7), predated the formation of many younger or 
intermediate heavy bombardment-aged units. 

The heavily fractured terrain surrounding Tharsis has been 
linked to the formation of the bulge itself. Multiple episodes 
of fracturing are known to exist throughout this region, but 
among the oldest fractures are those located south of the bulge 
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CONDITIONS ON EARLY MARS 
Barlow, N.G. 


within the heavily cratered southern uplands (5) . Crater size- 
frequency distribution plots of the terrain indicate that this 
region has an age similar to that of the fretted terrain along 
the boundary scarp, dating from near the latter part of heavy 
bombardment. The fractures must post-date the terrain which 
they cut and they must be younger than the old post heavy 
bombardment-aged flows in Solis Planum which cover them. 
Superposition and cross-cutting relationships, together with 
crater statistical— derived age data for this area, thus suggest 
that the Tharsis Bulge began leaving a tectonic signature on its 
surroundings near the end of the heavy bombardment period. 

Tectonism and volcanism as well as cratering were important 
processes shaping the martian surface during the period of heavy 
bombardment. The cratering record provides important 
information about the ages of martian terrain units which in 
turn can be used to constrain the timing of events such as 
formation of the global dichotomy and fracturing caused by the 
uplift of the Tharsis Bulge. 

REFERENCES: (1) Crater Analysis Techniques Working Group (1978) 
NASA TM 79730. (2) Woronow A., et al. (1980) In Satellites of 
Jupiter (D. Morrison, ed.), p. 237-276. (3) Barlow N.G. (1988) 
Icarus , in press. (4) Maxwell T. A. and McGill G.E. (1988) Proc. 
Lunar Planet. Sci. Conf. 18th. . p. 701-711. (5) Wise D.U. , et 
al. (1979) Icarus . 38 , p. 456-472. (6) Wilhelms D.E. and 
Squyres S.W. (1984) Nature . 309 , p. 138-140. (7) Frey H.V. , et 
al. (1986) LPS XVII (abstract), p. 241-242. 
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ORIGIN OF FLUVIAL V ALLEYS AND EARLY GEOLOGICAL HISTORY, AEOLIS 
^TSehrldge, Department of Geography, Dartmouth College, Hanover, NH 
03755 

in southern Aeolis Quadrangle .in ‘ ^t^^Yng vaYley^ 
flat-floored branching va ^ ey ®' T . (pre -3.2 Ga) cratered landscape (Fig. A), 

straight canyons dissect e interpreted as fissure eruptions, conical 

Associated knife-like ridge are ^® rP stratifor m outcrops as exhumed igneous 
hills as cinder cones, and thi , plains are also common, but are 

sills or lava flows. Extensive ridged lava P^ins in Aeolis (Fig. 

not modified by fluvial mean of N63W ± 11 (95% 

B) . These faults ®* h;Lblb transect the lava plains, the older units, and 

confidence interval), and they tra vect0 r mean for the 264 valleys 

some of the valleys. ? ycomp !^®° dispersion about the mean. The similar 
mapped is N48W ± 12, wit a g d valleys suggests that many valley 

orientations displayed by bhr ^J^^tng thrust Lults Other fault or 
locations were controlle YP Nl0w and N 65E; very few valleys, 

fracture orientations have modes at c and N50E. Detailed 

faults, or fractures exh ib it orxentat ions.bet twee^ ^ vaiiey location5 , and 
mapping also corroborates structure drainage 3y3tem s occurred over 

it indicates that dev ®^°P^ ° while faulting was still underway (e.g.. Fig. 
relatively long periods of time, wniie ia 

C> ' The dissected deposits in Aeolis may 

water ice, and their Late “^“^^"L^oSr latlw^s at ?hi. time, 
showing stability of ice became entombed as frost or snow 

Freshly outgassed and cr y* bal V; accumulation of impact ejecta, volcanic 
within the cratered terrains dur g caused geothermally heated 

ash, and recycled eolian debris ^ 10 ^ 1 ^^ <^ 9 ice . rich strata, and 

groundwater to be generated w; ithin o y g . ncreased permeability for water 
faults and f“ ctures P rOVld ®f t t 3 ^i P g 3 were common on Late Heavy Bombardment 
transport to the surfac^ P nt by hea dward sapping and by the 

general ion 1 of Episodic? 'topography-following fluid flows. 

DATA SUMMARY FOR TECTONIC AND FLUVIAL LANDFORM ORIENTATIONS 


Landforms 


Vector 

Meane- 


st rength 
of Vector 
Mean^ 


Standard Raleigh Test 
Error For 

Uniformity 3 


Small Valleys 

264 

N48W ± 12.0 

0.39 

6.1 

0.00 

Undifferentiated 
Faults and Fractures 

83 

N49E 

0.19 

23.1 

0.05 

Thrust Faults 

56 

N63W ± 11.2 

0.75 

5.7 

0.00 


x vector mt; ci u j-o « - 

confidence intervals 2 + y 2>1/2 

2 Strength of vector mean is R/n ; -h.r. value3 <0.05, the uniform 

vector 'distribution is’ Rejected at the 0.05 level of signifroanoe 
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ORIGIN OF FLUVIAL VALLEYS 
Brakenridge, G. R. 












GEOLOGICAL MAP OF A PORTION OF VIKING FRAME 596A26 

Ai- locations "a" and "b" within the Cratered Terrain (Ct) in Aeolis, 
knife-like ridges are interpreted as fissure eruptions; their low-albedo 
cross sections are exposed in the wall of a prominent scarp. The adjacent 

ollin ("RP") is apparently an exhumed sill and may be continuous with at 
Jelst one of the ridges NW-trending thrust faults (dashed lines are common, 
and at H c M such a fault transects a flat-floored branching valley. There, 
thrust faulting is younger than the valley, but, at "e", a major NNW-oriented| 
tributary valley modifies an older thrust fault. Thus, some links of this 
valley system are younger, and some are older, than individual thrust faults. 
Upstream (northwest) from the thrust fault and topographic ridge at d , 
fluid impoundment is suggested by the broad valley floor and the wide 
tributary valley mouths: an ice-covered lake may have existed at this site. 
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RELATED TO EARLY CRUSTAL 


SULFIDE MINERALIZATION 
EVOLUTION OF MARS 

Roger G. Burns and Duncan S. Fisher, Department of Earth, Atmospheric and Planetary 
Sciences, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139. 

Summary. Komatiitic magmatism, which occurred on Earth during stabilization of the crust 
in the Archean and was associated with ultramafic Fe-Ni sulfide ores and massive volcanogenic 
Fe-cu-Zn sulfide deposits, lasted longer on Mars. As a result, ore deposits evolved little on 
Mars from these pyrrhotite-pentlandite and pyrite-chalcopyrite-sphalerite assemblages due to 
minimal interactions of martian mantle with the crust, hydrosphere and atmosphere. 
Background. The age and formation of continental crust on Mars and the existence of highland 
terrains in the southern hemisphere remain fundamental problems in the evolution of that 
planet. On Earth, stabilization of the crust and the development of proto-continents took place 
during the Archean, >3.8 to 2.5 billion years (b.y.) ago, and were associated with rock-types 
characteristic of that era, including komatiitic mafic and ultramafic igneous rocks in greenstone 
belts. Distinctive ore deposits are associated with these komatiites and other Archean rock- 
types [1], including banded iron formations, gold-uraninite conglomerates, and disseminated 
and massive sulfide mineralizations hosted by volcanic and plutonic rocks [2,31. However, 
terrestrial ore-forming processes have evolved over geologic time as a result of plate tectonic 
activity along subduction zones, as well as by interactions of the crust with the hydrosphere 
developing atmosphere and evolving biosphere [2-4], The inference that sulfide ore deposits 
may exist on Mars [5] is based on compositional and petrographic similarities noted between 
komatiites (the host rock for terrestrial massive Fe-Ni sulfides), SNC meteorites and the 
silicate portion of Martian regolith fines [6-8]. Paragenetic relationships that might exist 
between these mafic and ultramafic igneous rocks on Mars raise questions about the localitions 
of possible Archean-type sulfide and related ore deposits on Mars, and whether or not they have 
undergone tectonically-induced temporal variations on that planet, too. Did ore deposition take 
place on Mars during the formation of its crust, what were the emplacement mechanisms, and 
how have such ore deposits influenced the geochemical evolution of the surface of that planet’ 
These problems are central to our investigations of the evolution of Fe-S minerals on Mars 

[5,9], clues to which may be deduced from associations of terrestrial ore deposits with Earth’s 
earliest crustal rocks. 

I?nrE 0 rt!Lr i ?c lt hI nS °J 0r ! ,? islribution on Earth - The types and stratigraphic settings 
fllTrtinn 6 !!? «! S c cJ an Qed through geologic time in response to the tectonic and chemical 
evolution of the Earth [1-4]. They encompass chromite deposits found in the oldest preserved 

Sl US lf S' 9 ' lh ® pre ' 3 8 b -y- old ,sua supracrustal belt in West Greenland) to present- 
day sulfide chimneys and ferromanganese oxide crusts forming at oceanic spreading centers 

a,on . 9 . the East Pacific Rise). The ore deposits include mineralizations occurring in 
different types of igneous and sedimentary environments. Types of mineral deposit are 
unequally distributed in time due to the interplay of processes related to the composition, heat 
low and convective motions of the Earth’s mantle, and the evolution of Earth’s oxygen budget, 
the atmosphere, and life. The temporal patterns demonstrate that the proportion of ore deposits 
associated with volcanic activity was greater in the Archean than in more recent geologic eras. 
Sediment-hosted and granitic crust-controlled mineralizations became increasingly important 

fo^dationi Sri? ,° f ? rt £ S hist 2? as crustal (tectonic), biological, and atmospheric 
(oxidation) interactions took effect. Thus, volcanic-hosted porphyry copper, Cyprus-type 

(ophiolites), and Kuroko-type massive sulfides, as well as sediment-hosted Pb-Zn sulfide ores 
are comparatively recent deposits and probably did not evolve on Mars. Although sedimentary 
ore-types such as banded iron formations and placer gold-pyrite-uraninite conglomerates were 
p evalent during the Archean [2,3], it is the igneous-hosted sulfide ore deposits that are 
2a?c° S iL°i.h hat r era ° f Garly ^ustal development on Earth [1] and may be more relevant to 
in h f0C , US IS on sulf,de miner alization, cumulate chromite deposits which are found 

in mafic igneous rocks spanning the whole range of geologic time (and may also exist on Mars 
because they are observed in some SNC meteorites [10,11]) are not considered further. 
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assemblages found in Archean greenstone belts. 
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Burns, R. G. and Fisher, D. S. 

Applications to Mars. Direct evidence for sulfide mineralization on Mars stems from the 
Viking XRF experiment, which analysed ~3 wt % sulfur in the regolith [19]. Although some of 
this sulfur may have originated from volcanic exhalates, a significant portion was probably 
derived from oxidative weathering of iron sulfide minerals [5] associated with basaltic rocks 
on Mars. Indirect evidence for the presence of sulfides in near-surface igneous rocks on Mars 
comes from petrographic, geochemical and textural studies of SNC meteorites, which have 
established strong analogies to terrestrial Archean magmas, particularly komatiites [7,8] and 
hence pyrrhotite-pentlandite mineralization [5,9]. Assuming that SNC meteorites did 
originate from Mars, the crystal cumulates in them indicate that most of the martian igneous 
rocks underwent magmatic differentiation, particularly the ultramafic units, products of which 
may include Fe-rich gabbro, pyroxenite, peridotite and massive sulfide deposits [7]. Since the 
Fe/(Fe + Mg) ratio of Mars' mantle is probably higher than that of the Earth's mantle 
[20,21], partial melting may have produced iron-rich komatiitic magmas which extruded to 
the surface of Mars at lower temperatures than terrestrial Archean komatiites. Although 
increased sulfur solubility in such Fe-rich magmas is compensated somewhat by the lower 
liquidus temperatures, significant amounts of sulfur could have been transported to the martian 
surface in komatiitic melts to become segregated later as massive sulfide deposits, accounting 
for the paradox of high sulfur concentrations in martian fines [22]. Furthermore, although 
the modal mineralogy of SNC meteorites arriving on Earth represents <1 % Fe-Ni sulfides as 
pyrrhotite, Ni-bearing troilite, pentlandite, chalcopyrite, marcasite and pyrite [10,11,23- 
25], associated lenses of massive sulfides may exist on Mars and not have been sampled by the 
impact event(s) that produced those meteorites from the Tharsis region ~1 65-1 87 m.y. ago 
[26]. Furthermore, the young ages of SNC meteorites, crystallizing on Mars si .3 b.y. ago 
[26], suggest that komatiitic magmatism persisted there beyond the Archean era on Earth, and 
that associated Fe-Ni sulfide mineralization although possibly more voluminous on Mars, has 
not evolved there to the extent that it has on Earth. The prolonged komatiitic volcanism may also 
have contributed to the Tharsis and Elysium domes on Mars. Erosion may not yet have exposed 
many of the pyrrhotite-pentlandite deposits there, particularly if gravitation settling in magma 
chambers segregated the ores well below the surface of Mars [27]. 

References. 

[1] C.R.Anhaeusser, Econ. Geol. 75th Anniv. Vol., p.42 (1981); [2] C. Meyer, id id., p.6 
(1981); [3] C. Meyer, Ann. Rev. Earth Planet. Sci., 16, 147 (1988); [4] R.W.Hutchinson, 
Econ. Geol., 68, 1223 (1973); [5] R.G. Burns, Proc. 19th Lunar Planet. Scl. Conf., p.713 
(1988); [6] A. K. Baird and B.C.CIark, Icarus, 45, 113 (1981); [7] A.H.Treiman, MEVTV- 
LPI Tech Rept., 88-05, p.127 (1988); [8] J.Longhi and V.Pan, ibid., p.76 (1988); [9] 
R.G.Burns and D.S.Fisher, ibid., p.34 (1988); [10] RJ.FIoran et al., Geochim. Cosmochim. 
Acta, 42, 1213 (1978); [11] I.M.Steele and J.V.Smith, Proc. 13th Lunar Planet. Sci. Conf., 
JGR, 87, A375 (1982); [12] A.J.Naldrett, Econ. Geol. 75th Anniv. Vol., p.628 (1981); 
[13] J.M.Guilbert and C.F.Park, Jr., The Geology of Ore Deposits (Freeman & Co), p.579 
(1986); [14] D.H. Green et al., Geology, 3, 11 and 15 (1975); [15] R.W.Nesbitt et al., 
Canad. Min.,17, 165 (1979); [16] D.R.Haughton et al., Econ. Geol., 69, 451 (1974); [17] 
M.R.Carroll and M.J.Rutherford, Proc. 15th Lunar Planet. Sci. Conf., JGR, 90, C601 (1 985)* 
[18] D.H.Green, Earth Planet. Sci. Lett., 15, 263 (1972); [19] B.C.CIark et al.,JGR, 87,’ 
10059 (1982); [20] T.R.McGetchin and J.R. Smyth, Icarus, 34, 512 (1978); [21] 
J.W.Morgan and E Anders, Geochim. Cosmochim. Acta, 43, 1601 (1979); [22] B.C.CIark and 
A.K.Baird, JGR, 84, 8395 (1979); [23] T.E. Bunch and A. M. Reid, Meteoritics, 10, 303 
(1975); [24] H.Y.McSween Jr. and E. Jarosewich, Geochim. Cosmochim. Acta, 47, 1501 
(1983); [25] J.V.Smith et al., Proc. 14th Lunar Planet. Sci. Conf., JGR, 88, B229 (1983); 
[26] C.A.Wood and L.D.Ashwal, Proc. 12th Lunar Planet. Sci. Conf., p.1359 (1981)- [27] 
Research supported by NASA grants NAGW-1078 and NSG-7604. 


23 


TOWARDS A CHRONOLOCT ^ a ^^ 1 ^ 0 ^^<^j^ eA ^ e ^ ands - ’ 

Space Science Department, L , » m recent years, in order to understand the 

Sf-SSSft. - rf- “ « 

formation episodes preliminary interpretations. r p<~nm izable on the smooth plains of 

^g££LfiaiSLJ^ Mag «J» •£££ S y plST»st.rU Pl«g. 

pronounced rorpholo^ ,^f the Northern Habere: ^ ^ to ridge 

Selective^ retrieval of given «££-*. ridge 

morphology and/or g«^?9 (Fiq 1) and cratered highlands structuresJ^Fig^) r ^ged plains trends belong 

both ridged plains grtusjMWflg^ m) rld ges (Fig.4) • tin old terrains 

ridges (Fig. 3) and low reiier ^uno flcant density of high relief sto«cm^ oebrenia). Therefore, 

to the high relief Wrangles) and in the ycui^er Plains (sjcn cratered highlands, 

IS^S^E. W?£2“ 5S 

sa “*5£feJMS“ 

Seated isostatically **eto th^ soutiw ard for several ^^^\?^S*ted on 

^^J'SSEjn* £ "^^^15r^SSm“<SE ^ “ 1 ‘gs£ZZ£, u £?*-* 

plains in the hewer Hesperian ( 6 ) . aqC or slightly younger, thanthe plains mare ^ 

£ther ridge plains regions^ 

are fburi- »st ^^rS^re^T^cker ard warmer. Volcanic has been 

SS S«l» ■' 1 SLS 1 ; 1 StMty”tTu of Ctootlc t«rM» * <^s« 

ssr-osrsis: 

moderate ^ £7t£ p»«- -g rSS S35S taSLTrfS. crust <u). 

”rSS* 

S5: aHsSs.“«-SS<iS- - a 

the time of ^ ‘ s ^Tdebatable . Therefore, the presence of sutoarfaoe 1 Ridge length, such 

s£ ss^ss^ag |a g-»x 
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CHRONOLOGY OF RIDGES ON MARS 
Chicarro A.F. 

thrcughcx^the cratered^ Sa^f&blTS^ Sf diff ^ rent ***”* «**. However, ridge systars 
on locally modified stress fields that reflect regional trends 

ridges tend to have preferred orientations, while low refi^,-!^ 06 !**. 0 ^ lnpact tasiJ^s (23). High relief 
particular , high relief trends are Quite different- r r ^9 es tend to have a broader fan-like m 

suggesting that ridges located L 111 *«**»' ^ 

toth 

rials: s^'Siis^tT riraStS 

swsraar *— - ssssat, 

chronology Pr^^iffi^/^pr^r^^^n^ 3 d |; fijlite assesa7ent of Martian ccnpressive tectonics 
recent data and analysis we infer i ~?® 03 to Propose seme working hypothesis based nr fhT^ t 

l«*r Amazonian S ^ “** 3 P™ 3 of rid 9 e fo ^ion: d^r Noachian^^ 

^ juration of^^rSio^ C ^^aJ^. nunerous low rellef ridges, sane very high relief ridges, 

rSS^dS 96 rSafey^S'S^SuretS “3i«™l uplifts, norerous high 

. «, saas^ , ^s.t£ a$s?!a^?® s - *• 

compression uncertain, tiny ridges^ound'to'ero^aji tr6nd ' b °^ hi9h 3013 low relief ridges, duration of 
_ , underneath the youngest northerT^laS^ crosscut young grabens, runercus ridges might have been buried 

years, and the last ^^^in^a^^bout 1 ^! billic^ 96 f0r ^ iQ ? period sta rting at about -3.85 billion 
the final heavy bombardment and most of basin readiusfm^f S rdd 9 e formation on Mars occurred after 

Mta ccnpressive tectonics ccntr^TifsS^ <S ££^ ' , ^ f ? re H ° r ^ ^sis influence. " 

the deformed material, with the Moon and Mercurv CQntro1 30(3 rheological properties of 

global shrinking, despinning (25) and polar wandering (26), dur^ S ^ a !T^ d c t S?y ti,fi CelatiVe r ° leS ° f 

Irjnar ailS^lnsu^^ta!, HOr * Jf re Performed In part at the 

LPI staff during his visit. ’ r gratefully acknowledges the support provided by the 


““ 3!c 8a S d ^ B Yw Ph SL P T J- — ■ a, p. 9723-9733 ,7, 

starsBs*i^»#|?^gg^aEaw&-r B - 

^iSaei!!»^|S^“SISS^r 

ibp. 266 - 286 .( 21 , Schult* pi % &“i±-“ 22 ' <F ft. U&J.ILSs 

»g^.p. yj5S5 , ~ i - 



EiSLi: Cfcmputer-based map of ridged plains structures on Mars 


between latitudes of + 


ORIGINAL PAGE IS 
OF POOR QUALITY 




25 


CHRONOLOGY OF RIDGES ON MARS 


rhirarro A.F. 
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£>16), “SS. T < S=J I ^ d m «*a «w»«z 

National Air and S^ M nSS^i.?S? ter . f ° r Earth ^ PlanetaX stuSS' 
20560 35306 MUsa *' Smithsonian Institution, WeshS^toTi??: 

° f «* ooculrln 9 the martian highlands 

features. jhese SS? %J£$ J£L S* 3 ? 1 * Jroc^s, or £££ 
more, are spaced 1 to io km aSrt iL clu stered sets of a dozen or 

west to northwest (cblique J ^ , Mermv^fl kni p lQng ' “** arB ocmmonly oriented 
seologio Majptaj Prc^r^ *““>• te Part of thelSS 

016 objective of this project 5 ^^ f^L* 316 Masala Valles 

for these features. 'mTaSSSh IS to 333638 P 053 ^ 1 ® origins and aces 
features and separate SSn ctS?" f i«t cl assify the grooved 

ttfiir morphology. Secondly tSir JSS features based on 

Meranania quadrangle was mapped and t-STfh ^ orient ations within the 

investigate intTtS' S** 3 S* *™«*9«*. 

they are similar to lunar BnhHim ^ le ^^ooved features show that 

t*e Iiribrium Basin oTSe^S^f^^f, 1 " 31 ^ 131 ^ *** occur radial to 
projectiles or are buiv ^ represent securing by low^aroi^ 

S^tges (l). S « ttS* 

^« 9 hs (e.g. , Viking orbiter StSa^S^A^T^^ occur 33 lo ™? narrow 

ocoor as a series of sharp cStefSSq£ i' ^ v } n£ln Sf ltly they also 
457A33) . Both morphologi^^T^sSirS ( ?‘ g *' ****** orbiter photograph 
Sculpture (e.g., aw ^ typical of ^riSa 

distinguishable from martian vardaro?* 1 nwJSSJ ' Grooved features are 
features and ancient valley SSSS' IST^SFHS futures, tectonic 
linear features! vardar^i^ in & ma . f j - of which similarly occur as 
directions ( 2 ) , * uni S?^5 °°S 111 ^ 

features in this study. Yardarw?!fvS? rientaticns observed for the grooved 
to the stS§* foS^tte gtS^d^S^ st ?®mlihed in sh^Tas 
are highly dependent upon slooe Mass-wastirxr features 

across topographic boundaries Ud grooved features tend to cut 

features, common in the Memnonia ouadr^n?^ on flat surfaces. Tectonic 
tiian any of the observed grooved^eaSS' ' 3130 typically much longer 

faults (e.g., 4 ) also haS^^S^L I ^ 1Q ^ 1 y ^ed MemnSia 

features. Ancient valley netw^TS^S^ gra ^ 3 ' unlike the grooved 

° QnV ^2 e to form dendrite patterns ( 5 ) j ^?f v J n ff ta ? 1 ? s:Lng "channels" which 
9reov©d features. The asRirm j, un ^ 1 ^ e ^ le linear structure of the 

f^jres are mteriaS 6 sSSTg 

impact event. unbrium Sculpture and relate to sane 

(SS'e ^ f S tUt ^ 316 in the 

Hesper ian/Noachian highland mater iaS °n the older 

^^pnian age Tharsis volcanics Becano^f ^ places are embayed by 
ejecta would occur closer to the impaS^iff ^ Mentation of 

wide range of grooved featur^orSSi o^i S • ° f f >osed to further away, the 
lunar mapping of the Imbrium Sculpture 7f,\ ^?‘ Cat Jf f local source. Also, 
up to ~l,700 km away from thefi 7 nvT^ 6 shows that this material occurs 
qfedfengle is -3,00^^^^ ^ ?* rium ^ («« MeSSS 

■^an gravity « at ^ri^ ^STVSSS 
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grooved features on mars 

Craddock, et a ^* 


. „ should be closer to the crater (7) . 

**» ® suggests that the grooved feature source 

The combination of tnese ua a quadrangle, 

area should be relativelyc source areas was acccoplished by P l0 ^^ 

Determination features on a stereo net (i.e. , Wulff 

the orientation of the < 3 r °®^ qeologic mapping suggested that not 

net} Observations made duruig Qie g areas. Meranania craters 

all * of the grooved ^ e ?^ r 2 s ^iated 1 loSl grooved features (Table 1) , and 
Re, Sn, and Yn each tod^sociatea locax g these craters were the 

stereo net P 1 ^ of the remainirg grooved fea^ 

source areas. Plotting areas where the lines converge or intfts® 0 ^ 

on a stereo net shews two areas v^ere one . in southtem 

^Fig. 1). B* ^pi^D^S it may be that the circular 

Amaz onis Plamtia ("A m Fig. J-J » (e.g., apparent in 8) 

occurrence of knobby materials L^^rettot has been buried by 

SSSST the rim «C « source area 
Elysium volcanics. The deter«dna phaethontis quadrangle (MC-24) , 

was aided by additional data from 0 . i 2 J?o^Daea£lia Planum ("B” in 

suggesting a possible buried by Tharsis volcanics. lhe circular 

Fig. 1) which may have been bur ^ define this basin, 

nature of Daedel ia . plOT ^ 1 (e ±i s ^^aS(J are both Mazonia n to age 
Because Elysium and Barsto TOicun^ that the grooved 

(e.g.. 10), ^J^^iiS^Si^age materials, the grooved features 

SfSSr S£ia£d 1* at least Hesperian to age. 
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GROOVED FEATURES ON MARS 
Craddock, R. A. et al. 


TABLE 1. 


Lat. 
-21.5 
-20.5 
-40.0 
-13.0 
-14.0 
-13.5 
-40.0 
-28.6 
-28.0 
-22.5 
-28.4 
-20.5 
- 21.0 
- 22.0 
-28.5 
-9.5 
-11.5 
- 8.8 
-7.0 
-7.0 
-14.6 
(Letters 


145.0 
147.6 

122.4 

147.0 
147.9 

145.0 

123.0 

137.5 

156.5 

141.0 

139.5 
152.8 

151.2 

152.3 

153.0 

156.0 

155.4 

146.5 

149.0 

147.0 
.77.: 


Orientation 
N65W* 
N66W 
N19E 
N56W* 
N56W* 
N56W* 
N19E* 
N69W* 
N56W* 
N66W* 
N75W 
N64W* 
N63W 
N72W* 
N85W 
N72W 
N47W 
N40W 
N47W 
N62W 

N101W (Yn 


lat. 
-17.5 
-14.8 
-19.5 
-19.5 
-21.4 
-26.8 
-14.0 
-16.4 
-26.4 
-24.5 
-13.0 
-13.7 
-15.4 
-9.0 
-28.1 
-25.5 
-24.0 
-22.5 
-5.5 
-22.5 
-14.8 


171.0 

177.0 

170.5 

171.4 

175.8 

179.0 

174.8 

161.6 
160.2 

159.0 

164.8 
162.6 

161.4 

162.0 

139.9 

166.5 

165.8 

164.0 

156.0 

170.9 
176.: 


in parentheses indicate associated Memnonia* craters' 


Orientation 
N106W 
N42W 
N56W 
N56W 
N29E* 
N20E 
N41W 
N73W* 
N70W (Re) 
N69W 

N110W (Sn) 
N108W (Sn) 
N90W (Sn) 
N95W 
N25E 
N82W 
N75W 
N76W 
N41W 

N100W (Re) 
30W 
5-) 


180° 


90 G 


■ 


wm 



asterisV , ,.7„ arena of grooved features denoted bv an 

SSS nanSS® L vl r ^! e f entS «« 1" southern 

SS .■= ans 
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_ ot , u . DTTA m htohi AND PATERAE: EVIDENCE FOR EXPLOSIVE 

VOLCANISM ON MARS; David A. Crown and Ronald Greeley , Department of 
Geology, Arizona State University, Tempe, Arizona 85287 

The martian surf ^® jsSThre^gSan wkSogyS^nterS around 

X'si^Si'clXmsm, Including analyses of individual lava 

the existence of 

martian conditions [2,3], jjdieoenfly a nuraoer M unvrang ^ Mndered by , lack of defm itive 

““SE Se oH^Sil'e Explosive volcanic deposits on Mars is commercial. Although 
the basal scarp [13] and aureole deposits [14] of Olympus Mons and extensive deposits in the 

SSS-W-r^ 

Tvrrhena Patera proposed an evolutionary sequence for the paterae beginning with extensive 

gSfe srw a-SJfiwM 

!I£S 

central caldera complex filled with smooth plains displaying wnnkle ndges 
Tvrrhena Patera is irregular in plan view and is composed of a lower s .. 

material and a smooth, upper undissected unit containing wrinkle ndges (Figure 2) [1], Also 
StateTwidi *“lare stage summit activity at Tyrrhena Patera are seyrnl sinuous nUe-lto 
SS The volumes of Hadriaca Patera and Tyrchena r 

mapped bounttoies of ^volcanoes ^ mpo^aphte pjap ^ * f ^ 

rss ss ^ijsss-sassssctiais ss— «#■ 

comparable ttfthe total widths of the volcanoes are required [5]. Models for the emplacement of a 
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MARTIAN HIGHLAND PATERAE 
Crown, D.A. and Greeley, R. 


gravity-driven flow resisted by a frictional force are used to determine the lengths of terrestrial 

iSr; J£.?, 8i 7' P re -*? ow . topography [21]. The relationship be tiS Ae flJSfcntf! 
and the initial velocity of pyroclastic flows potentially associated with Hadriaca Patera and 
Tjnrhena Patera for a slope of 0.25“ (comparable . o tire present surfaces „7the ™£«s Ld fa 
values of the apparent coefficient of sliding friction, \a, equal to 0.05 and 0. 10 are shown in Figure 
3. Large volume terrestrial pyroclastic flows have values of il = 0.06 - 0.20 f221. On Mars 
comparable coefficients of friction should be less due to the lower gravity and less dense 
atmosphere. Figure 3 illustrates that the entire range of paterae flank widths can be produced for 
both values of jx if only slightly greater than 10% of the initial thermal energy of themagma is 
converted into the kinetic energy of the pyroclastic flows. This is in agreement with experimental 
results which indicate a 1 - 10 % energy conversion in hydromagmatic eruptions [23] 

, Tem jstnal magmatic eruptions feed pyroclastic flows either by ash fountaining or by eruption 
column collapse. To produce flows with lengths comparable to the entire range offlalikwidths of 
the paterae, a minimum initial velocity of -350 m/sec is necessary (for fi = 0.05) (Figure 3). For 
an eruption driven by magmatic water, this implies an exsolved magma volatile content of > i% a 
mass eruption rate of >10 7 kg/sec, and eruption cloud height of nearly 70 km [Fig. 8 in 3] The 
erupnon rate and column height indicated are similar to those derived for the eruption at Hecates 
Tholus thought to have produced the mantling deposit seen near the summit. 

, . From . an ener gy perspective origins of Hadriaca Patera and Tyrrhena Patera can be explained 

Y e ®® 1 Pj ace naent of pyroclastic flows fed by eruptions driven by either magmatic or external 
wajer. Hydrovolcamc explosions would be favored in the near-surface environment^ 

" a,er lhe J T« aregolith «x"<* come into contact with a rising mag™ 3y AZu E h .h^ 
magmatic and hydromagmatic models both merit further attention, the formationof the paterae bv 
hydromagmattc ereptions in only an early period of manure history is consistent with sSted 
global changes on Mars and could explain why this style of volcanism is not evident in lateratras. 


Table 1 . Characteristics of Hadriaca Patera and Tyrrhena Patera 


Volcano 

Dimensions 

(km) 

Edifice 

Height 

(km) 

Flank 

Slopes 

Caldera 

Diameter 

(km) 

Volume 

On 3 ) 

xl0l4 

Mass** 
X 10 17 

Thermal* 
Energy 
(kg m 2 /sec 2 ) 
x 10 23 

Hadriaca 

288 x 570 

~3 

0.05 - 0.60° 

63 x 78 

1.867 

2.801 

3.361 

Tyrrhena 

426 x 660 

2+ 

0.16-0.28° 

45 

1.176 

1.764 

2.117 

^assumes p = 

1500 kg/m ^ in 

deposits 

*1 kg m 2/sec 2 = 10 7 

ergs 
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Figure 3 . Relationship between 

martian pyroclasttc flow over £25 fo«<* ^ ^ % 

”^,SS The observed range of flank widths for 
Hadnaca Patera and Tyrrhena Patera is indicated. 
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and Window to EarPy Marian ^fstory?* 1 tfennJ/A ^ ^Edeett A) USeful Geo,ogic T ° o1 
Arizona State University, Tempe, AZ 85281. enneth s - Edgett, Department of Geology, 

mteipretation^StiS 1 crated W^^ d g e P 0 toCT ri^SS? 6 "* 1 l ° h % f n “"Portant key to the 
(Early and Middle Noachian [2]) they are imnnrtfJt t!)' B . ecause j? 051 of *e basins are very ancient 
the early martian crust. If recognized ^asin eiec ? ** naturc composition of 

“Jgf* the timing of early eveS iTthe maitim cra?<S5 hhrhK^ USed 2 s ***&»&& tools to 
and Mercury [5,6]. Basin ejecta are also considered m h* ^ wa ? done on the Moon [3,4] 

study, because they permit the sample of del? ancient f ™ tena J s t0 ret ™ to Earth for 
dating of the martian stratigraphic recold [7,8]*’ ^ matenals and can aid in the absolute 

generaUj^orreco^ked trough ^hoto^ologic^rndy ^eTtmL^ch^ ^ * ?? * e deposits « 
Ili eyS V t L° Ughs * grooves, and secondary ^raref chatosWre ^ c ° fbasm ejecta (radial 
Although King [8] has reported to the contrary this i« narri^ 1 ? not observed near most basins, 
large basins, Argyre and Isidis. tr ^ y ’ ““ K Particularly tme of Hellas Basin and the other 

assess the presemtiSfSate oPtoeKS" diameter has been completed, in order to 
descibed by Schultz et al. (9J are not incSed here^'beSf.^Ih a" 016 " 1 30(1 ^ghly degraded basins 
There are about 19 basins £ 200 km in diameter iShS!?**? 6 * ^ e ^ 1 treated 111 that earlier study. 
Isidis, and Argyre. For the most Dart their »,• J?.~ exclu dmg those of [9J. Three of these are Hellas 
"South Polar" (82.5°S, 267°W- P 850 km dff nni' Dt r ®?? gnized A f °urth is tentatively labeled 
remaining basins of concern fa iff stud? ^ThosL J°°- S 5° WS no ***** de P°^- The 

only two have significant observable eject^Sts ^e ?? “*“«•«• 0f these 15 basins, 

Lyot (50°N, 331°W; 200 km diam !) , co^iS m te “ * e youn « est basin on Mars, 

Herschel (14°S, 230°W; 300 km diam.), which has at least 95 OOOk^f ^ ^ **** “ 

ejecta; and it is older (Middle Noachian) than Lvot n n tJ? k 5 ’^^ 2 of P reserved continuous 
diam.), Huygens (14°S 304°W- 1 r L ,v \ 0t * l 1 i' .The basins Newton (41°S, 157°W- 300 km 

^ on^/others whk?<^iiStely^hmv A?typesof radial feat?* 344 ° W: 4 ™ «2 °d5 

with the emplacement of ejecta. The other bS WhlCh Iandforms associated 

preservation, but most seem to lack ejecta material in™ n^L ^"neter show a range of states of 

Consequently, the use of Martian basto ejecta as fnhnma^ E*™ ** ^ ted be,ow - 
unpractical for two reasons. The first is that th^hSiS a ~ a photogeologic stratigraphic tool is 
Even in Arabia, where there are five basins witdilS - from each other 

could not overlap. Secondly, most of the eiectodeiS^l^™^ cont ™ ous ejecta deposits 
and erosional processes [13, 14, 151 Subseauem^ilSf ^ cn * ieat| y modified by depositional 
probably dominated the erosion of eiecta. Fluvial nr ™ ete : onte im P acts and aeolian processes have 
channels in Herschel Basin ejecta [UJ? M^ch of thelKnf rhf ^ have K also °P erated ( e S- radial 
by volcanic and aeolian deposits [13, 16, 17] * “ J 1 of these basins has probably been buried 

There are three^aSm for n Ai? r (o r b^^j^ P deTOs^’^^^ ej f cta ma y a poor candidate, 
above, (2) an ejecta deposit would not likely Drovide a Ifm^rh 3 * 8 ^ ^ un 5 d or eroded « as stated 
^ers and (3) because these basins are ,3 r ?° tic landers 

old [2,x wienI 

is not d^i^hS'howeve^A^f^sSv^ windows to martian geologic history 

acted upon them may reteali c£ to fi atebal^S m^ <te . P °? iMonal proc ^ s . ses »»ich have 
weathered samples of eiecta will nmviHA q h^v i , an ^ historical chmatic conditions. Study of 

about the crustal composition and age Care fill field studf? t( l ^^issues, as well as information 

«■ ^ surface of M^s will e3iyS t S£ °/ n ^ d T* d **** by g eoIo ^ts 

events, and to study early cmstal materials exilLES? Srfc *? e ate ? e timin g of basin-forming 

central peaks. matenals exposed in basm ejecta and within the basin walls and 
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MARTIAN BASIN EJECTA MODIFICATION: 
PRELIMINARY N0TE3 FOR BASINS £200 KM, £500 KM 
(Ezcapt Lyot) 

Schmidt (-72°, 79°) Diam. ~200 km [MC-30-D] 

-some radial texture preserved 

-appears to be buried by (layered?) mantling deposits 
-also has several superimposed craters 

"Unnamed" (-42°, 123°) Diam. -200 km [MC-24-NE] 

-tectonically disturbed in NE 
-volcanics in NE, SE 
-channeled 'ejecta*? in SE 

Secchi (-58°, 258°) Diam. -205 km [MC-28-SE] 

-radial "fluvial" channels 

-lies in heavily fractured Hellas Mts. material 

-some smooth materials mantle area 

Kepler (-47°, 219°) Diam. -210 km [MC-29-NC,SW] 

-modified by impacts, some radial channels 
-tectonic disturbances in SE and E? 

-might be partly buried in N,NE 
-possible secondary chain to NW 

Flaugergues (-19°, 341°) Diam. -220 km [MC-20-SWJNW] 

-some radial grooves, valleys 
-burial and tectonic disturbance to SE 
-ejecta difficult to recognize 

Galle (-51°, 31°) Diam. -220 km [MC-26-SW,SE] 

-located in Argyre Mts. material 
-some radial features (ie. grooves to E) 

-much ejecta may be eroded 
-probably mantled, as well 

Koval'skiy (-30°, 141°) Diam. -280 km [MC-24-NC, MC-16-SE] 

-greatly modified by volcanic materials from S. Tharsis area 

Copernicus (>40°, 169°) Diam. -290 km [MC-24-S W >NW] 
-tectonically disturbed in NE 
-no ejecta' visible? 

Herschel (-14°, 230°) Diam. -300 km [MC-22-NE,SE] 

-ejecta preverved in NW,N,NE,SE 
-channels radial to basin 
-possible burial ? in SW 
-several superimposed impacts 
-(see Edgett et al. 9 1988) 

Newton (-41°, 157°) Diam. -300 km [MC-24-NW.NC] 

-some radial features 
-secondary chains to SE, N 
-tectonic disturbance in W 
-channels in E 
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Cassini (24°, 328°) Diam. -400 km [MC-12-NE] 

-numerous superimposed impacts 
-burial by volcanics (?) in SW,W,NE 

Antoniadi (22°, 299°) Diant -400 km [MC-13-NW] 

-buried by volcanics in SE 

-disrupted by impact (Baldet Crater) in NE 

-radial grooved to S,N 

-S,W,N- hard to distinguish ejecta from surrounding terrain 

Huygens (-14°, 304°) Diam. -460 km [MC-21-NW,SW] 

-numerous radial grooves, channels 
-some burial by volcanics in N ,NE,W? 

Schiaparelli (-3°, 344°) Diam. -470 [MC-20-NW,MC-12-SW] 

-radial grooves ESE, SSW (some ejecta present?) 

-burial in SE, SW, N, NW(?) by volcanics 

-radial channels evident 

-(see Mouginis-Mark et al., 1981) 


References * 

[1] Mouginis-Mark et al. (1981) in Schultz and Merrill, Multiring Basins, Proc. LPSC 12A, 155- 

172. 

[2] Tanaka (1986) Proc. LPSC 17th, J. Geophys. Res., 91, E139-E158. 

[3] Shoemaker and Hackman (1962) in Kopal and Mikhailov, The Moon- Int. Astron. Union 

Symp. 14, Leningrad 1960 Proc., Acedemia Press, New York, 289-300. 

[4] Wilhelms (1972) U.S. Geol. Surv. Interagency Rept., Astrogeology 55, 36p. 

[5] McCauley et al. (1981) Icarus, 47, 184-202. 

[6] Spudis and Guest (1986) in Program and Abstracts, The Mercury Conference, August 6-9, 

1986, Tuscon, AZ. 

[7] Schultz (1987) Papers Pres. Mars Sample Return Wkshp., November 16-18, 1987, LPI, 

Houston, TX, 118-119. 

[8] King, E.A. (1987) Papers Pres. Mars Sample Return Wkshp., November 16-18, 1987, LPI, 

Houston, TX, 70. 

[9] Schultz etal. (1982) J. Geophys. Res., 87, 9803-9820. 

[10] Carr (1981) The Surface of Mars, Yale Univ. Press, 232p. 

[1 1] Edgett et al. (1988) Lunar and Planet. Sci. XIX, 291-292. 

[12] Malin (1976) Proc. LSC 7th, 3589-3602. 

[13] Sharp (1968) Icarus, 8, 472-480. 

[14] Wilhelms (1973) /. Geophys. Res., 78, 4084-4095. 

[15] Scott and Carr (1978) U.S. Geol. Surv. Map 1-1083, 1:25M. 

[16] Roth and Saunders (1987) Papers Pres. Wkshp. on Nature and Composition of Surface Units 

of Mars, Dec. 4-5, 1987, LPI, Houston, TX, 88-89. 

[17] Chapman and Jones (1977) Ann. Rev. Earth and Planet. Sci.- 1977, 5, 515-540. 


35 


ORIGIN OF THE MARTIAN CRUSTAL DICHOTOMY; Herbert Frey and Richard 
A. Schultz Geophysics Branch, NASA/Goddard Space Flight Center, Greenbelt, 

MD 20771 


INTRODUCTION^ntai fir3t order characteristic of the -^ancrust is its 
Wise et al. <1> originally propoo Riae- an early single- 

»= r • s=s& 

Photon,, -a, due to a «*«* '“f, clllr «5t C i^act, 

HrrrH'i 

Elysium- Amazonis with crater “ te " tion age if the Borealis Basin 

terrain outside the proposed basin “ a ^2 population of impact 

had occurred and were the 1 ® r ^® Marg g very large nuinber (>40) of 

large 8 *( >1000 impact basins, many of which would have to be in 

the W6 a 1 though r t he £££ 0 ^^^ of the crustal dichotomy on Mars 
i3 some"descrired as •■endogenic or exogenic^ - 

intir^ ^ 

large impacts may jiso t gg tectonic processes (7,8,9,10). We 

concentrate long-lived therma . the result of overlapping 

suggest that the crustal dichotomy of Mars is th in^the 

ia rge (but not 9 ^) basin topography but 

northern one-third of Mars, P , , rhAracterizes the northern plains 

.... 

wsOT r“c°;z s ssss 

Borealis Basin) is the Chryse Basin U )- ^ ^ largegt of a 

Basins are each separately con 1 different populations are 

proposed original D popu a ^ on ' Chryse-largest, 1440 basins 

predicted (460 basins larger than 200 km for Chryse larges 



36 


martian crustal dichotomy 

Frey, H. and Schultz, R.A. 


oflble^ lm k ^"sUa-largest) . He compared the actual number 

number of "missing- baain, which subsequent geologic proce^ hi™ 
presumably removed (61. For Chryae-largeat there could be 1 , 

than 2000 km and 7 larger than 1000 km missing. The total are, r^lr^' 
accommodate these missing basins is less than 30% the surface area^Mars 

ssz 

^ssln^BorealZr-l^ge^it 1 basins^'tl^larger^han'^o^j'^km^'io larger than^OOO 
" d " lar get than 1000 km) could have been e.sUy removed Te IZ 

TZZZZ'Z^V ‘ aU °” in * fdP L * «»* the surface 

e of Mars . Many large impact basins would have to be located in the 

cratered highlands, where to date they have not heet , * 

Alternatives to the mega-impact hypothesis should be examined. r6C ° gn Ze 

n~2 n ) ay n0t be the lar 9 es t impact basin on Mars but if it is the 

D 2 distribution through this 4300 km diameter basin predicts at le«t 1 

Sell“, ilTart Vh 000 *■ and 7 lat9et th “ 1000 ■» t— in to L found It 
McGill ml T generally assumed (12,13), these numbers may double 

utatil ll 3ugge3ted a lar ^ impact basin beneath the plains in 

Utopia. The diameter of the proposed Utopia Basin is at least 3000 anH 

perhaps 4500 km and it overlaps both the Isidis and Elysium (12) impact 
north*' In addition to producing much of the low-lying topograph^ i^the 
northern plains in eastern Mars, the Utopia Basin may also help explain the 

So^Tie' z h :j - i tjt b «- «»»» .5 £”«« 

wh?ih w intersection of utopia and Elysium Basin inner rings 

which may be centers for prolonged volcanic activity (12). The high 

cme« ? in re El l Cr ? ted , t6rrain appearing as knobs and partly buried 
Ihlll t-h Eiyaium-Amazonis generally lies outside the Utopia Basin rings 

El^IuJ tlsin Ely3ium Basin - Perhaps the formation of an 

Drovideri rtf Centeted on the of a previously formed Utopia Basin 

provided the necessary conditions for volcanism inside the Utopia Basin 

while avowing Pr.».rv.ti,„ (to a degree, of cratered terrain oSSe. 

north® Retribution of knobs and detached plateaus and topography in the 

rHn^e baa ” ,, 5 ,"°", CO " Pat ? bl f " i , th ‘ "“*»* »f ***■« basin, than with 
- , 9 ® in (15) • A cl °sed circular depression 1000-1500 km across and 

Lrt ! P k e ! at 60 N ' 30 ° W - Scattered knobs define the southwest and 

the Chrvse Bat ^ 168 °/ thl ? d ® pre3sion which overlaps the northern edge of 
the Chryse Basin. A semi-circular distribution of knobs of Noachian- 

Hesperian age (16) in Amazonis at 60°N, 168°W has a diameter of 700-900 km 
and may intersect an outer ring of the large Elysium Basin as well as tS 

147 ,° W ' The 600 Wide a » £ rnasifs 

tered at 37 N, 167 w may be an inner ring of a larger structure uM„h 

would overlap the inner rings of the Elysium Basin. 

Overlapping large impacts maybe more effective than a single giant 

Producing the variable topographic structure of the „o«he™ 

tS^^ of thf StyleS ° f ”Olca„ism found there. The bechance” 

thinning of the lithosphere would be greater at the overlapping event 

" ^ f < ‘ Ct " 9 ° £ the d6ep Uthosphee might produce better access to 

m * 9ma - leading to prolongs placement of volcanic 

”» yeVrs nTX tHe dS ° ay time f ° r ™ry l»rge impacts is 10’ to 

years (7,9,10), overlapping impacts will likely have significantly 
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. , h £or greatly extended periods as the impact 
enhanced temperatures at remaining from their 

^ baaina - 

age and EVOLUTION OF the GRUST^DICHOTO^ dichotomy predates nearly all 
It is sometimes assumed that the cr ^ ^ ^ cage wi3e e t al. CW 
observable martian history, u ^ (cumulative number larger t an 

« Tw.“»o h “n“ " 

rt r in 'BuT^ S* jr"U a i t “n k ^eT h »Tn 

zone. B . qq or 100 km diameter) in t . . the 85,000 age 

larger craters (up to 80 or iu suggests that the » 

r: h r«:»: ^ ~ i. u^,. _ 25 ooo oven «. - 

1 » aubaequent resurfacing at N «>-» *'° 00 in LUM . Planum. Te«P< . «* 

was coeval with the emplacement of ridged p kneas o£ the resurfacing 

-rr.r, 

r «.^ r .c». — « 

“‘•f 1 oT »i£a <«» « 210 »> • IO is C \“ te o^y 100 - thicR OP !.»• 

transition son. this layer i» £ o£ mlddlo ,1s. 

5= ; S2rs'.r:^ 

5 comparison »ith thorns «« j't . Suhs.*>.nt It 

Hephaestus FO ”“’ p^nt^invTlvln, greater thl =““” JcH easier 

iS: Uteiy 'Xn 9 rna bl eloru n tro°„ l o 0 £ n tr a oru,t.l dichotomy .ere a 

to understand if the origin including multiple impacts. 

Tr ° r\-f a aeries of events, incx y ^ f Schultz, 

consequence o Liy~riii r E (1979) '} I G^OPhvs Res . 84| 793 - * C1984) Nature 309, 

JCCPBFNCES- (1) Wise. D - u -> Golomoek, H-P- a " d Mc ^ 1 . 1 ’ 2 41 1242 . (3) Wilhelms, D - E - *" d S on 4 r 305 (5) Frey, H., Semeivfuk, 
T A. (1986) Ln n ar PI anet^ Sci . * 0987)' uinaLElflna&^k} - BTO • and schuitz. 

138-140. (4) Frey, H. , Semeniuk , • - gg, Prn rp^d. L unar Planets Sci , Con _- ^-^{ 95 . 216 . (8) Solomon, S.C. , Comer, 

TS- sr-JSSUHtffe*: inursS'WHJr 
«tt 4 ffe! s i ^HS^HSE-aKurfiPS^’R!--- ^ 

r-.ant. T.D. and Frey, H. tuna 
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2077 l* £ 

INTRODUCTION 

Upper t Ch \^ “ tha Hesperian/ 

progressively more localized at a f B U . stra tigraphy from planetwide to 
northern lowlands,. Two planet. Je r «’°f «^rsis, ^ «ly.i»* the 

aarly martian history The aV<S ” ta Particularly 

recorded in the intercrater plain. The , 7 ln the Lata "oachian, is 

ndged plains, occurred in the Early HesperUn ‘he emplacement of 

r? --rr 

these departure points and determinate o T™ int ° SSparate inches at 
older, underlying and newer, overlying surface r6tention a ^ e for both the 

(3 ,4 *7, y r j0t ev,«" at widely di/fe^ T* thlS a PP™a=h 

(survivor) crateis” 8 thi” btanChes « r « determined by su^tractino 0 ” 8 “ 

; craters, this method has y SUDtrac ting away older 

counts alone. If . planet-widj teeurt^naT* ^ t0tal ‘«*U™ « K 

the same (real) time, the surface ™ 9 6nt ended everywhere on Mars !t 

have the same orate; reten’t ^ ? V" *" d bf tha -int "uM 

pproach) independent Of the i0 preXur e h7 3 t h o e r r v t"? ^ Neukum and H^er 

:, t ”^urd i e C pe h n°d iZOnS -^2'-^?. " ‘‘‘h 8 ' 

production curve, applicability “Ty “‘here reT^ 5 °” th6 Ch<,i « ° f ».nd,rd 
discrete and efficient process and ■ ^surfacing has been a relativelv 
No information is available on the benin^n 0011 " th ® terminati °n of the event 7 
Despite these, the approach has in^ortant^oten^- ^ Uration of the resurfacing, 
resurfacing events and for datino th* pot ® nt;Lal f or identifying individual 
surfaces are buried by later events m adt^ 3 produced ' even when those 
•deface can be located and used to ( t , ”'.""" dating *«m a giv” 
aurface, ,7, . It is , ls0 “ lb to extent of now-b!ried 

aad“t ing - 8 
COMMON-AGE RESURFACING EVENTS 

used at wSy ^^f fe^rent* 1 locations Ground m N6UkUm ^ Hiller technique is 
south of the highland-lowland transition S -‘ F ° r heavil y cratered terrain 

adjacent to Lunae Planum, « C ia ' a3ter " Mata ' ln Hanthe Terr“ 

(c»„ n r?ti by Cr8teta ‘" > - 100 d"r r8 „ith a c bi t I8 " a ' a " ° ld b ' a -” 
(cumulative number greater than 1 km ^ t crater retention age N (l) 

common This Early Cratered Terrain age "is Ws^'to' 0 d ^" 2| about 250,000 is 

of Elysium, but does not occur in th. ^ 1 fou "d in the knobby terrain 

“ tha ri ^ed plain, transition zone nor 

be a resurfacing of still older crust the TV"" l5) ' Ihla ° ld ^ 

as an well-determined branch at N(l) ~ snn nnB bla Npl l otatered unit curve 

in xanthe Terra, craters which defi^M,' ! ’ Th , la Si ““ anbi a"t age occu" 

A major resurfacing event in cratered t * ^ 7 °‘ 15 ° km a dtoss. 

"Pa Terr, occurred at „„,* 85 .„ 00 . Be eeeeeU^Uel^Te 
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cratered plateau material and Tanaka's (1) Late Noachian intercrater plains 
resurfacing (3) . Relic surfaces of this age do occur in the highland-lowland 
transition zone in eastern Mars and in the Elysium-Amazonis knobby terrain 
(3, 6) . Within the transition zone this age surface is better preserved east 
of the Isidis Basin, probably due to a thinner overlying cover from subsequent 
resurfacing events. In Xanthe Terra the first major resurfacing event has a 
crater retention age N(l) ^ 50,000, considerably lower than the 85,000 
described above. If this is the same cratered plateau material resurfacing 
event seen elsewhere, it ended later in Xanthe Terra. Perhaps proximity to 
the Tharsis-Valles Marineris-outf low channel complex played a role. 

The most widespread common event appears to be of Lunae Planum Age, N(l) 
25,000. This event occurred in cratered terrain, the transition zone, the 
knobby terrain in Elysium-Amazonis, and in ridged plains in Tempe, Lunae 
Planum and elsewhere. A spread in the ages appears real, from N(l) < 32,000 
in cratered terrain Mars to less than 18, 000 in ridged plains south of the 
Valles Marineris. There appears to be a progression in the Lunae Planum ages 
in this region, younger westward toward Tharsis . 

EXTENT AND THICKNESS OF BURIED UNITS 

The individual branches which define the different resurfacing events in 
the cumulative frequency curves provide information on the extent of buried 
surfaces (7) . From Figure 1, the early cratered terrain surface at N(l) 
250,000 in Tempe Terra is defined by craters in the 40-100 km, and the 
cratered plateau age surface at N(l) *3 89, 000 is marked by 20-35 km wide 
craters. By locating these diameter craters it is possible to map out the 
minimum extent of these cratered surfaces. In Figure 2 note the absence of 
any craters dating from these two surfaces within the ridged plains in Tempe 
Terra. The Lunae Planum Age surface is found throughout the region. 

The smallest diameter crater which defines a given branch provides 
control on the total overlying thickness of materials due to all subsequent 
resurfacing events. From Figure 1, the early cratered terrain surface can not 
lie any deeper than 435 m or the rim heights (8) of craters 40 km across would 
be buried. Likewise for the cratered plateau age surface, because 20 km 
craters survive all subsequent resurf acrngs, the total overlying thickness of 
these materials is less than 315 m. The difference between these yields a 
thickness of material associated with the cratered plateau age resurfacing of 
120 m in the HCR unit. This is only a statistical average based on assumed 
uneroded rim heights of craters surviving from a given age surface. It is 
also possible to estimate the depth to surfaces not preserved in the 
cumulative frequency curves. For example in Figure 1 there is no branch for 
the ridged plains unit RPL dating from N(l)»s 85,000. But in the area occupied 
by those plains there could be, if that surface does lie below the plains, 10 
craters larger than 48 km and one as large as 90 km not seen because of the 
thickness of the plains. Thus the total thickness probably lies between 475 
and 645 m, or about 560 m. Figure 3 shows cross-sections for these units 
based on the above approach. 

The thickness of the Lunae Planum Age resurfacing materials in cratered 
terrain is generally thin (< 100m) . In the transition zone values range from 
150-235 m, while in ridged plains > 250 m. For the cratered plateau age 
resurfacing the materials appear to be of more uniform thickness, 100 to 150 m 
except in plains-forming units which exceed 150 m. The thickness of materials 
post-dating the Lunae Planum Age resurfacing at is less than 200 m in cratered 
terrain, > 250 m in ridged plains and transition zone units, and > 450 m in 
the lowlying northern plains. 
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FIGURE 1 




Application of the Neukum and Hiller technique to cumulative frequency curves for heavily cratered terrain (HCR) and 
rldaed plains ( RPL ) In the Temp# Terra region. Note especially the cornnon age surface at N(l) • 20,000 (iunae Planum 
Age) and the absence of older surfaces In the ridged plains plots. 

M6URC 2A 





FIGURE 

Estimated depths to crater retention sur- 
faces bated on diameter of smallest crater 
which defines that age surface. NCR and RPL 

represent heavily cratered and ridged plains unit In tha Tempt Terra 
region. Note the greeter thickness of overlying units In the ridged 
plains. Depth to early cratered terrain surface could exceed 700 ■. 


OMtrlbutlM of crttori doflittn* to# Lua*o P1,nM Xj* r#»urf*e1«fl licit to T *ap« T#rr« rH'«" 







41 


EARLY VOLCANISM ON MARS; AN OOTJIW. “ 

Dgp r. of Geology, Arizona State University, Tempe, Arizona 85287-1404 

Ge0l0g i C /h dy °^i MarS nf remo^^ensing dat^ and^onsidera^ons of*] geophysical 
mapping, aided by analyses of , ot “ er * em °l e JKJ* a comt )lex history. Global synthesis of 
constraints, has revealed a remarkably dwe^epla w th a c P ^ ides a uniform 

these studies in the form of three maps published at i.ip muuu. f 

framework for assessing many aspects of martian geologic h s ry ( , , )• 

Volcanism has played a key role in the mafic 
the planet is surfaced with volcanic materia ( )> of SUI f aces> volcanism spans 

compositions. Moreover, with volcamc fea ^res u ^ore than half of the identified 

the entire "visible" history of Mars a "P eak " in activity 

volcanic materials were erupted aud ^“P 1 ^ 1 dependent upon models of meteoritic flux). 
3.5-4.0 billion years ago ( absolute ages are a p f a u loss D f volatiles via impact 

Following planetary accretion and the development^ ^ ttw^p atmosphere at the start of 

erosion and hydrodynamic escape may Explosive volcanism in this environment would 

the "visible" history of the planet -4-4.4 by ^ago. Explosive voic^^ ^ deposits. Although 

have been enhanced, perhaps leadmg to he g^e f d / e p eros i on and modification, much of 
definitive evidence of such an origin is teckingbec V e volcanic products. Large quantities 

the early upland plateau may have been mantled w P phere would have blocked solar 

of volcanic dust injected into the thin, winter". Low 

Sri*, tacludtag water, into the subsurface as ground 

water and ground ice. 

At least some intercrater plains consist 'such 

lava flows, perhaps similar to kornamtic ^ aa e *JJP ® s ^d to have been extremely fluid, 

flows are considered to have erupted at vei 7 Jig P flows would have been turbulent and 

Estimates of flow rates and .^° S ^f e S r roks Such flows on Mars could have released volatiles 
capable of eroding and assimilating older redo, bucn . erosion into ground water and 

Highland paterae ^such as t Tyrrhena Patera ;^^“ n | n th ^ e ^h^Shlre Ce Fw 
volcanic constructs. Most of * h ® ^ghland _P»te ccur ad - cent t0 the Hellas ba stn. 

Tyrrhena, Peneus, Amphitntes, and Hadr a P resulting from the basin impact could have 
Peterson (5) proposed that drcumferenti^ g r , and Spudis (4), magma rising through 

served p ' __ _ , • t . „. ftll id have led ro phreatomagmatic emptions (6 and this volume) to 


ed by Greeley and Spudis (4), magma rising tnrougn 

wa^°sanirat^^ega-r^oUA would have W^phr^c^^a^^uptwns(^^dt^wlunie)to 

produce early-phase ash eruptions ^ Jebr^ she^ JP ® *$A. leadine to effusive activity to 
r 1.. SVSteitl 


^rsup^ttr^ST™ » to 

produce the youjiger lava flows observed in the summit of Tyrrhena Patera. 

The martian Eastern Volcanic i Assemblage 

of the Elysium province and of Syrus Major. The ea * P . . the formation of the highland 
Hesperian Period and are appro^m^ely con emp nroduced a series of flows extending 

patera. Syrtis Major is a low-profite S^rts Sor are located on ring 

radially from the vents as far as ?00 lorn Jhe i caldem ^ |c J c province is an older, 

smX^stoVofth”£^ S volcanic rogion. Earliest volcanism occurred in the Middle 
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EARLY VOLCANISM ON MARS 
Greeley, R. 

wteh formed Albor Tholus. 

deposit from a plinian eraptifn Tale Hecates Tho us is a mantling airfall 
Elysium Mons and Ute series of hows whi/h pinly buried ° f 

1.5 aeonl^^l^^ emplaced in the first 1 to 

lunar mare flows and to komatiitic lavas on dieologtcal properties similar to 

composition. &ntral”en ^“ n .s^ °”^;f" d «* , ? frared 10 >* ™fic to ultramafic in 

impact-generated crustal deformation Snm^ centra i ’ 1D i SOI ? e cases wa $ associated with 
pyroclastic deposits 0n ' Sorae ctntra| - vem volcamsm appears to have provided 
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CHEMICAL AND PHYSICAL 

Laboratory, Carnegie Institute of Washington. 

m „ on1 oc are in eauilibrium with a mantle source region 
Introduction. Prirajgy the Matting point composition for the magmas 

phase assemblage. Ttey «“^ a “Sded into the crust. The purpose of 
ultimately reaching the M » n '“ s “^ din „ of ,h e chemical and physical proper- 

SSSZS - r . -«• «—«• 

those prope^tfes for the early volcanic evolufon of Mars. 
MtoalogxandM ^^ 

gests that the proposed bulk compos,^ except for signif- 

nearly identical and ® re s '™ ( j ™ d Fe+Mg /s j. These compositions yield the mantle 
icantly higher ratios of Fe/Mg DOS i t i on Q f the spinel-lherzolite to gar- 

mineral assemblages shown in g • P other transitions shown have 

sssritsatu. — — 

studies of terrestrial compositions (5,6). 

The Vnlati l e-nhynt ^ohdu^f^ ^ established 

solidus is based on analogy with terres- 

trial studies (7). 

_ Thf» rhemical composition of the primary magma 

Primary Mapmfl Composition lti in the gamet-lherzolite field is given 

formed by small (< 2 wt%) degre j jhe normative mineralogy is 

very rich in olivine. The most striking 



Oxide 

Si02 

A1203 

FeO 

MgO 

CaO 

Na20 

mg# 


Wl 

41.9 

11.9 

23.3 
12.7 
9.4 
0.8 

49.3 


TABLE 1 
Normative 
Mineral 
ab 
an 
di 
hy 
ol 


Wt% 

7 

22 

15 

1 
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PRIMARY MAGMAS 
Holloway, J.R. & Bertka, C. M. 


features are the very high FeO/MgO ratio and the low A1 2 0 3 content. Melting at 
pressures greater than 23 kbar in the garnet- lherzolitc *n . ^ 

^jesses* 

uve olrnne (hence higher silica) and higher A1 2 0 3 contents. The actual Martian 

and 80 0,6 «- 

OJ and HO, wheras melts at high degrees of partial m'elJg'Snot be^igS 

composition of primal m^maion Mat *1^"““ ^ Variati °" s in * e 

magmas Pare d ‘° ^ Earth ’ and - ^hfre wilfbe SiXs^vt 


Erimarv Magma Phvsimi Pr^rmirn 
Ine low silica and alumina and the very 
high iron content of these primary melts 
results in unusual physical properties. 
Viscosity is very low with calculated 
values in the 2-10 poise range at atmo- 
spheric pressure and preliminary exper- 
imental results suggesting viscosities of 
1-2 poise. A striking feature of the 
melts is their high density, caused pri- 
marily by their high FeO content. Cal- 
culated densities (based on 8) are shown 
as a function of FeO/MgO ratio in Figure 
2 and as a function of pressure in Figure 
3. The calculations predict that the pri- 
mary magmas will sink relative to pyrox- 
enes and olivine at some pressure between 
25 and 35 kbar. Addition of either H 2 O 

or C0 2 to the melt will lower its density 

(9,10) and thus the melt will only sink at 
greater pressure, possibly 40-50 kbar. 

The point at which the melt sinks relative 
to pyroxenes and olivine occurs at much 
lower pressures in the Martian mantle 
than in the Earth's (compare 1 1). The 
pressure at which primary magmas sink 
relative to olivines and pyroxenes puts an 
effective lid on source region depth which 



Molar MgO/(MgO+FaO) 


Figure 2. The tie-lines connected to boxes 

CALCULATED DENSITIES AT 1400°C 



Figure 3. The box includes the pressure 
range range in which melt beginns to sink. 
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PRIMARY MAGMAS 
Holloway, J.R. & Bertka, C. M. 


is estimated to be between 190 to 375 kilometers. 

Figure 4. O.ivine fractionation of the volattle- 

absent primary magma from the 
gamet-lherzolite Martian mantle 
results in Si02> FeO and MgO lev- 
els similiar to those in SNC mete- 
orite compositions, but the AI2O3 

levels deviate significantly. This 
suggests that, if the SNCs are 
Martian then they are products of 
either large degrees of partial 
melting, or of two-stage melting 
of an Al 2 0 3 -depleted mantle as 

previously argued (13). 



Figure 4. 
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OF WATER ^ON* “T 0 *®" 0 fflSTORY - "® TOE EVOLUTION 

Of r»oii„ R It MARS - Bruce M - Jakosky and Ted A. Scambos, Department 
of Geological Sciences and Laboratory for Atmospheric and Space PhvTics 
University of Colorado, Boulder, CO 80309. V P ™ y ’ 

water ^ ZZTT ° f MarS and the subsequent evolution of 

water at the surface are intimately connected to the initial volatile 

Z Z7' f S r Sent "V thC SUrfaCe ° r within the int erior of the planet at 
• ir ? P anet ^ry formation. Recent observations and models have 
significantly changed our viewpoint on the volatile history of Mars and its 
conneetion to the history of volcanism; the relevant analyses are revtewed 
here, with an eye toward reconciling the different models. 

orking backwards, let us start with the history of water at the 
surface Carr calculates that about 50 m (global equivalent layer) of water 
ts required to carve the catastrophic flood channels and expS the othe 
surface features indicative of the presence of water. Greeley uggests ia 
Om observed volcanism will also account for about 50 m of water 
Measurements by Owen et al. of the atmospheric D/H suggest a sianifican, 
loss of water to space over geologic time; depending on the 8 size of fhe non 
atmospheric reservoir with which atmospheric water can exchance v !, 

TTte latter J ^° Sk ■ CalC “' a ' e ,hiS '° SS 10 be between 3 a " d 60 m of water 
The latter value is most consistent with other information about the Mars 

;r‘ e - Although water has clearly been important in the formation of 

mod“ thara°l'of thl UreS ', ther ^ *“ J*° eVide " Ce '° contradic * the simple 
ZrZt f 1 J h Water released to the s «rface has escaped to space 
except for that which is present today in the two polar caps, chemically 

P y sica Hy bound within the near-surface regolith and in thp 
atmosphere (about 15 m of water) * 

planetfr?formtil Water ^ VOlati,es > l ° the surface occurs during 

n laZ! y ^ ormat * on ’ as a result of the violent impacts of accreting 

volcanism' aVmhe S SUbsequ ® nt p,anetar y evolution, associated with 
surfar! Th d other processes which can release interior water to the 

surface. The recent Earth-accretion model of Zahnle et al., if extended to 

In Z H CaSC ’ Suggests that Mars Probably did not end accretion with 
on a m ° f Sphe . re cont aining a substantial portion of its volatiles; this is based 
on the fraction of accreting material expected to be outgassed as well as on 

escape " 't'o 1 * planet to — an 8 a.mos^e agins" 

escape to space. Measurements of atmospheric 36Ar support this 

JotoHeT 8 ’ Sur 8 f!ce"e 8 , ' he re,en . tion . of a sma " fraction of the planetary 

release water m «*”»«* «""* geologic time will 

release water to the atmosphere, as will shallow igneous intrusions 

associated with volcanism. The history of surface volcanism described by 
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Greeley shows planetary activity increasing to a maximum intensity about 
one billion years after Mars' formation; this result is completely consistent 
with thermal history calculations. If planetary outgassing is proportional to 
volcanic activity, then this curve also shows the relative intensity of 
outgassing as a function of time. From this history, along with the 
measured atmospheric 40Ar abundance and various estimates of the initial 
bulk planetary 40K abundance, we can calculate the release factors of 
volatiles. For the probable range of 40K abundances, between about 0.01 
and 0.1 of the 40 Ar has been released to the surface, and between 0.02 
and 0.2 of the water has been released. For Greeley’s 50 m of water 

released by volcanism, this suggests that at least 250 m, and possibly as 
much as or more than 2.5 km, is still retained within the planet. 

Although formulated in a different manner, this value is consistent 
with the conclusion by Carr that as much as 500 m of water remains 
locked up beneath the surface. Geochemical evidence for the water 
abundance of the planet comes from comparison of volatile abundances 
within the atmosphere or within the SNC meteorites. Unfortunately for the 
former, conditions within the solar nebula are sufficiently uncertain that 
the amounts of volatiles incorporated into planetesimals which eventually 
accumulated to form Mars are difficult to estimate. Comparing trace 

element abundances in the SNCs to terrestrial, lunar, and meteoritic 
abundances, Dreibus and Wanke suggested that Mars is relatively volatile 
rich. They estimate only about 130 m of water incorporated within the 
whole planet, however; this amount must be considered extremely 
uncertain given the assumptions regarding the composition and volatile 
abundances of the accreting planetesimals and the conditions extant on the 
forming Mars as compared to those expected based on thermal history 
calculations. 

In summary, the available observations and models are consistent 
with the presence of several hundred meters or more of water within 
Mars, with most of this still being in the interior. Of that which has been 
outgassed, much of it has escaped to space, and most of the rest may be 
locked up in the polar caps. The relationship between the water 
abundance and the history of volcanism is clearly an important one, both 
in the sense of water within the magma affecting the volcanic style and of 
volcanism serving as both a conduit and a measure for outgassing of the 

interior. 
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THE ROLE OF MANTLE CONVECTION IN THE ORIGIN OF THE THARSIS 
AND ELYSIUM PROVINCES OF MARS, Walter S. Kiefer and Bradford H. Hager 
(Division of Geological and Planetary Sciences, California Institute of Technology 
Pasadena CA, 91125) ' 

The Tharsis province of Mars is 6000 to 7000 km in diameter and contains four 
major shield volcanos as well as a number of smaller volcanic structures. Although the 
long-wavelength topography of Mars is not well known, Tharsis rises approximately 7 
to 9 km above the plains to the north and west (1-3). The peak nonhydrostatic geoid 
anomaly is 1.5 km for spherical harmonic degrees 2 to 18 (4). The Elysium province 
appears to be a somewhat smaller scale version of Tharsis, with a peak topographic 
uplift of 3 to 5 km, a peak geoid anomaly of 300 m (degrees 3 to 18), and three main 
volcanic structures. 

Existing models of Tharsis and Elysium have generally treated these regions in 
terms of either isostatic or flexural models (5-11). However, the large horizontal scale of 
these regions and the large volume of volcanic materials suggests that mantle 
processes, particularly convective flow, also must have played a major role in the evo- 
lution of these regions. Some existing models for Tharsis have treated thermal 
anomalies in the upper mantle in terms of Pratt compensation. We have shown (12, 
13) that Pratt models and convective models predict very different relationships 
between geoid and topography, and thus Pratt models should not be regarded as an 
adequate substitute for convection modeling. 

We propose that Tharsis and Elysium overlie regions of broad-scale upwelling 
caused by the internally heated component of convection in the mantle of Mars. 
Within these broad upwelling regions, a number of mantle plumes are formed by the 
bottom heated component of convection. These plumes fed the various shield volcanos. 
In some cases, a single plume may have fed several closely spaced volcanos. Uranius 
Patera, Uranius Tholus, and Ceraunius Tholus may be an example of such a cluster of 
volcanos with a single plume source. The proposed concentration of Martian mantle 
plumes within the Tharsis and Elysium regions is reminiscent of the situation on 
Earth, where hotspots show a pronounced bimodal distribution (14). 

Cratering statistics indicate that eruptive activity ceased at different times at the 
various volcanos in Tharsis and Elysium (15). Eruptive activity at some of the smaller 
Tharsis volcanos ceased soon after the end of the heavy bombardment, while activity 
at the four largest Tharsis shields continued for a much longer time. The youngest flow 
units at Olympus Mons and Ascraeus Mons may be less than 100 million years old. In 
Elysium, volcanic activity may have ceased more than 1 billion years ago (15), 
although some recent studies indicate that at least some volcanism in the Elysium 
region may be comparable in age to the youngest volcanic activity at Olympus Mons 
(16-18). The extent of young volcanism in Elysium is in dispute, however, with Plescia 
(18) arguing for extensive young volcanism and Tanaka and Scott (17) favoring only a 
limited amount of recent volcanism. Models for the thermal evolution of Mars indicate 
that the heat flux dropped sharply during the first 1 billion years after accretion and 
has continued to decline at a slower rate since that time (19). We suggest that as the 
heat flux decreased, the number of plumes in the Martian mantle which were 
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sufficiently active to lead to volcanism may *o have decreased, leading to the cessa- 

tion of eruptive activity at many of the vo canos. Tharsis and Elysium has 

In the past, dynamic support for t e main tained for a significant 

sometimes been rejected on J l * Mars is sufficiently large that mantle heat 

fraction of Martian history ( » )• . convection In the absence of plate tecton 

transport must be currently dominated by for an indefinite length of 

ics, Tharsis and Elysium could stay over the ldea that mantle 

time. The evidence for recent ^"“^Xntiy important for Tharsis. Hall 
upwelling and dynamic support of ’ topogr pl } y volclnism in the Elysium region 

et al. (10) argued that an apP \ re .f ' t ^ urrently j mp „ r tant in supporting topography 
implied that convective upwelling is not currency p „ DDarently has occurred in the 

“ere. However, as noted b ? 

Elysium region- In any case, a mantle uDwelling. Convection-induced igneous 

= intrusive bodies, which would not he detectable 

' ,n V 'w?h 0 ave ,l ld m h e „iU element calculations of -- ^ * 

mantle convection to the geoid and toPOK^P ’ y me tric geometry and a non- 
inary modeling, we have used a eylmtocal may not bc impor- 

temperature-dependent rheology. e * i rtant f or Tharsis and will need to be 
tant for models of Elysium but el. »4 , J we assume a mantle thick- 

included in more definitive models, n g m W/m^f We have filtered our 

ness of 1600 km and a mean mantle heat flow of GO^mW/ ^ ^ lncluded in the 

results to include only wavelengths w ic sensitive to a number of unknown 

geoid model of Balmino et al.(4). u ^j^ s variation of viscosity with depth, and 

parameters, including the Rayleigh num » models with a horizontal scale 

L ratio internal heating to bottom “’can c aui up to 700 m of geoid and 10 
appropriate to Tharsis, we fin haXco * horizontal sca i e appropriate to Elysium 

km of topography. An iderittca moa These results show that the current 

produces 380 m of geoid and 7 m o °P°^ r . d Ei ys i um may be dominantly the 

long-wavelength geoid -~raphy ^ Th ^"hat t he large differences in the 
result of convective process . y .1 'TViarsis and Elysium swells may 

observed amplitudes of geoid and topograp y or underlying convection cells, 

be largely due to differences ,in the ~ s LLs in the elastic 

These results do not include t po wavelengths considered here, an 

part of the Martian lithosphere. However, at ^e g ^ ^ reduce the calcu . 

elastic lithosphere with a mean th ‘ ckn ^ ( , c id values would be reduced by a 

Stoi'of Vfacosity with mantle depth as wel, 

33 th ;:r r rr^h h, r^iirstut 

fSro" OurTS pireffict that atX fo°rm 

extensional than the radial norma s ress ’ .- ft • agr eement with observations 

-- — 
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stress field results may be modified by the inclusion of an elastic lithosphere 

formatLTftLtra^ElyXmtnd i roCeSSeS f " importM,t "* >>°U> in the 

Phy of these regions. Clearly, isostatic and Texu^'^eLT^pd Zt t ° P ° g - a ' 

consistent model. hthosphenc processes into a coupled, self- 
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GROUND ICE ALONG THE NORTHERN HIGHLAND SCARP, MARS; B.K. Lucchitta 
and M.G. Chapman, U.S. Geological Survey, Flagstaff. Arizona 86001. 

arswii 

Mensae. In this latitude belt, me haup y f orme( j by ice-lubricated flow 
blankets that are generally thought to have form * researchers 

[1], This ice came either from frost are Conspicuous 

believe now, from ground ice [ , • -J* nQ T21 They are generally 

features of this latitudinal belt an dare, ^9 JZJ. s * nt cl y se t0 the 

surface fe pU?^he -urrCnc^o^ice-chargeP Cehris^ 

see h 

type of ice deformation is less likely to occur [ ]• 

We have observed a number of mesas in the Kasei Values area that^ 

resemble fretted mesas in size and shape edfaJthe? south (lat 25° N) than 
similar processes. These mesas are presently surrounded by 

the Deuteroni lus or Protom lus Mensae and are not P r | J d d b moats 

debris blankets. Instead, several of the Jff^^^^bordered on the 

composed of flat-floored valleys (a arrows). The moats have the 

outside by low, inward-facing sea p ( g * h * de bris blankets surrounding the 

same planimetric shape and J^he olains surrounding the moats are 
fretted terrain farther north. The plai ns surrouna^ ^ Qf 

(conversion ? f relative i to f * *11' of y the moa t to the planimetric shape of 

[8]). The similarity of the shape ot cne mua north suggests that 

debris blankets surrounding the fretted J nde J by debris bankets and 

the mesas in Kasei Val les 1 once nl , rp at the time of lava flooding; 

that these blankets must have been in Place ** ™e fater the debris 

the lavas apparently embayed the debris blankets. Later, tne 

blankets disappeared completely, leaving the moats. 

The disappearance of the debris bla «*£» ^FOJtained 

more ice than ,s c °™" n !^ 1 f tr ' In U a ro e r t o disappear completely, only minor 
Lucchitta [3] and Carr [5]). in oroer co a.b^H ^ the rock was of a 

grain^size '* /-ved by the^ind. ^-ver^n^other wind 

uni ikely^unless S very -usul circumstances are <-ohed such^s debris^^^ 

^at^JSrt^l^re mostly ^.rj.'Se^iS’Llr 
was derived from ground ice under* y g resembled segregated 

have had a concentration so hig f Canada [10] This observation 

ground ice in the Northwest Territories of Canada LIOJ.. 'J’J d . tepra1n 

SKSHSSS os 
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Lucchitta, B.K. and Chapman, M.G. 

could represent frozen water from ancient channel -mouth regions. 

Furthermore, if the debris blankets were composed largely of ice, 
sublimation of this ice on fresh exposures within the slowly churning debris 
would eventually deplete the ice, especially at the tip of the debris 
blankets where the ice is replenished only slowly. Sublimation of debris 
blankets in this manner would explain why most of the blankets on fretted 
mesas extend no farther than about 20 km from their source. Sublimation of 
debris blankets on gradually diminishing mesas would also explain the 
disappearance of material from the plains separating the mesas. Thus, the 
generation of the plains may have been caused by the fretting process [2] 
involving large-scale sublimation of ice and does not have to be ascribed to 
an unrelated earlier erosional episode [1], 

The former existence of debris blankets in the Kasei Valles area also 
suggests that ground ice once occurred near the surface in a latitudinal 
belt that is now desiccated. This observation supports Fanale et al.'s [6] 
proposition that the southern limit of near-surface ground ice shifted 
gradually northward with time. Ground ice at lat 25° N 2.5 b.y. ago falls 
right on the equatorward limit permitted in Fanale et al.'s models of near- 
surface ice retention. 

References 

[13 Squyres , S.W., 1978, Martian fretted terrain: Flow of erosional 

debris: Icarus, v. 34, p. 600-613. 

[2] Lucchitta, B.K., 1984, Ice and debris in the fretted terrain. Mars, 

i n Proceedings of the 14th Lunar and Planetary Science 
Conference, Part 2: Journal of Geophysical Research, v. 89 

Supplement, p. B409-B418. 

[3] Squyres, S.W., and Carr, M.H., 1986, Geomorphic evidence for the 

distribution of ground ice on Mars: Science, v. 231, p. 249- 

252. 

£4] Carr, M.H., 1986, Mars: A water-rich planet? Icarus, v. 68, p. 187- 

216. 

[5] Farmer, C.B., and Dorns, P.E., 1979, Global seasonal variation of 
water vapor on Mars and the implications for permafrost: 

Journal of Geophysical Research, v. 84, no. B6, p. 2881-2888. 

L6J Fanale, F.P., Salvail, J.R., Zent, A.P., and Postawko, S.E., 1986, 
Global distribution and migration of subsurface ice on Mars- 
Icarus, v. 67, p. 1-18. 

[7] Shoji, H. , and Higashi, A., 1978, A deformation mechanism map of 
ice: J. Glaciology, v. 21, p. 419-427. 

[8J Neukum, Gerhard, and Hiller, Konrad, 1981, Martian ages: Journal of 

Geophysical Research, v. 86, p. 3097-3121. 

[9] Chapman, M.G,, and Scott, D.H., Geology and hydrology of the North 
Kasei Valles area, Proceedings of the 19th Lunar and 
Planetary Science Conference, submitted. 

[10] MacKay, J.R., 1986, Fifty years (1935-1985) of coastal retreat west 
of Tuktoyaktuk, District of Mackenzie, in Current Research, 

Part A: Geological Survey of Canada, Paper 86-1A, p. 727-735. 



ICE, HIGHLAND SCARP 

Lucchitta, B. K. and Chapman, M.G. 


53 



Figure 1 


54 


STRUCTURAL MODIFICATION ALONG THE CRATERED tfbbith 
BOW.DARY, EASTERN HEMISPHERE, MARS. Ted A. Maxwell Center til 
Earth and Planetary Studies, National Air anH „ for 

Smithsonian Institution, Washington, D. c. 20560 P Mu seum, 

Initial investigations of the Mars cratered terrain 
boundary (CTB) suggested that it formed progressivelv hv 
erosional backwasting of the cratered terrain* (l). Y Su ch 
conclusions were based on the presence of isolated knobs and 
mesas in the boundary zone adjacent to the southern cratered 

th^ftct th ® NdJ - os y rtis Mensae region, and by 

the fact that the boundary is present now as an elevated scartj 

the th ™ a in aSt h rn hemisphere. Evidence for mass wastage of both 
the main bounding scarp and along the edges of isolated 
plateaus also supported such interpretations, further 

neJtod^! 19 ^ hat !!2 St ° f • the erosion took place during a 
period (s) of wetter climate. Based on more recent 

CT^ eS ^im/ever- S Sf the structure / topography and timing of the 
SJf' however, it is now apparent that the sequence of events 
that are responsible for the present appearance of the CTB at 

300^ to t! iao^? 9i0n betw ® en Nilosyrtis Mensae and Aeolis (Long. 

J*° 1 ® < ? )' occurred within a discrete time interval 

indicating that the northern border scarp of the cratered 

plateau material is not the result of longterm miaraHnn « 
previous structurally controlled topographic disruption Baled 

and St v!' Cbural ^ a PP in 9/ detailed shadow measurements of plateaus 
and knobs, and age dating of the exposed surfaces in this 

region, the tectonic record of the eastern hemisphere is one^f 
iL Qdifi ca t io n of the cratered terrain boundary, with little 

evidence that can be used to constrain theories for the 
original creation of the CTB. r rne 

, StrUCtUral ™ appin 9 of the CTB indicates little correlation 
between presumed compressional features (ridges and scares) and 
the orientation of the boundary itself (2). instead 
compressiona 1 features are aligned in a primary NS direction ' 
with local deflections where underlying topography reaches the 

lea^v Ur M C >fi in P lains , units < as 3 u dged bystructural ^reSs ^ 
nearby highland areas). The notable exception is in a wid^ 

trough that extends to the southwest between Isidis and the 
impact crater Herschel. Here, scarp orientations are 

predominantly axially symmetric, suggesting continued 

deformation by downdropping of this major trough past the times 
of plains emplacement (3). The 300 km wide block of cratered 
plateau material on the north side of the trough acted as a 
discrete structural unit during deformation, and may be 
analogous to the subsurface terrace that lies beneath 7 the 
shallowly flooded region of plains to the north of the CTB. 

Shadow-length elevation measurements of individual 
plateaus knobs, and graben in and north of the crlter<?d 
terrain boundary suggest that downdropping of the "terrace" 
also occurred as a discrete crustal block rather than as 

f ? U i t ! d fra 9 ments of crust. If formed by erosional 
retreat, isolated remnants of the cratered plateau material 
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STRUCTURAL MODIFICATION OF MARS DICHOTOMY BOUNDARY 
Maxwell, T. A. 


would display a greater degree of erosion with distance from 
the present boundary. Such is not the case, due to either the 
presence of a significant resistant layer, or downdropping as a 
terracef In the absence of confirmation of a widespread 
resistant unit from the limited Viking multispectral data (4), 

the } a h r£X e « 

that produced the broad, 300 km wide terrace occurred in late 

Noaohf/n or early Hesperian time (arounc, « L' 5 ’,^ 9 ' 0,1 ' m^oSer 
than the faults surrounding the Isidis basin (5). In otn 
regions, however, faulting of plateau material 
different times, suggesting a protracted period of structural 

^ j U Current^ t heolrie ^'foiT^c r eation^o f the Mars crustal dichotomy 
are 1) single mega-impact (7), 2) multiple large (8), 

__j rrustal overturn (9). Hypotheses 1 and 2 would be 

expected to show either concentric rims or radial fractures, 
neither of which occur in the highlands between Isidis and 
Aeolil The large crustal block north of the graben : like 

£?ouah east of Isidis suggests endogenic processes (regional 
extension? rather than impact for at least the modification of 
the presently observed boundary, which is consistent with 
hvDothesis 3, though not conclusive. By looking at 

modification processes and prior geometry of the boundary 
region, more precise constraints can be placed on the geometric 
form of the original structure# 

References: (1) Sharp, R.P., 1973, JGR, v. 78, p. 40 6 3-44 08 3. 

Maxwell T.A. and Barnett, S.J., 1984, LPSC xv, p. 

^1-522 (3) Mason, D.B., 1988 Report to Planetary Gaol. 

Intern Program. (4) Bougan, S.J. ?? 11 lm ' F 19 ' 88 Proc 

preparation. (5) Maxwell, T.A. and McGill, G.E., 1988, Proc. 

t d cp o 679-699. (6) Frey, H. et al., 1988, Proc. 

18th' p 8t 679-699. (7) Wilhelms, D.E. and Squyres, S.W., 1984, 

Nature?* v 309, p. 138-140. (8) Frey, H. and Schultz, RA 

1988, GRL, V. 15, p. 229-232. (9) Wise, D.U. et al., 1979, 

JGR, V. 84, p. 7934-7939. 



POTENTIAL INDICATORS OF PYROCLASTIC ACTIVITY NEAR ELYSIUM MONS, 
MARS. Kathleen McBride, Univ. of Houston-Clear Lake and Lunar and' 
Planetary Institute, James R. Zimbelman, National Air and Space 
Museum, Smithsonian Institution, Washington, D.C., 20560, and Stephen 
M. Clifford, Lunar and Planetary Institute, 3303 Nasa Rd. 1, Houston 
Tx., 77058. 


The Elysium region contains abundant evidence of volcanism, most 
of which is interpreted to predate the Tharsis Montes eruptions [1J. 
Also, the shape and morphology of Elysium Mons suggests that the 
magmas at Elysium may be more chemically evolved than those in the 
Tharsis region [2], 

Preliminary photogeologic mapping of Elysium Mons (22. 5-27 .5 3 N, 
210-220°W) on a 1:500,000 scale has revealed numerous features 
indicating the possible occurrence of both pyroclastic and effusive 
volcanic activity. Analysis of Viking Infrared Thermal Mapper data 
reveals a strong correlation between low thermal inertia values and a 
linear fracture located at 23°N, 216. 5°W, indicating a possible 
volcanic vent. Image resolution for this area is poor (250 m./pixel) 
and no individual lava flows are visible in the vicinity. Craters are 
Irregularly shaped and appear subdued as if mantled by dust or a 
volcanic airfall deposit. 

Close inspection of high resolution images (~44 m/pixel) of the 
Elysium Mons caldera has disclosed five levels of collapse. A crater 
measuring five km in diameter south of the caldera rim has been 
interpreted to be of impact origin [2]. However, the crater is not 
completely circular and the eastern rim shows evidence of slumping or 
mass wasting. The crater also contains a large central pit. which is 
uncharacteristic of an impact crater of this size. On the northern 
side of the caldera is a tectonic depression that breaches the caldera 
rim. This "impact" crater and the depression are connected by a 
linear chain of craters across the caldera floor indicating possible 
tectonic control. There are also other numerous pits and crater 
chains radiating outward from the caldera. These are believed to be 
endogenic in origin, formed by the collapse of lava tubes or collapse 
along rift zones. 

The eastern flank of Elysium Mons appears relatively smooth and 
only slightly hummocky with no distinct lava flows visible at a 
resolution of ~44 m/pixel. Some impact craters in this area appear 
mantled by some surficial deposit. The northwestern flank of the 
volcano consists of massive undifferentiated lava flows and ridges 
that grade into the lava flood plains. The only mappable lava flows 
are a few smooth, flat lobate flows. Examination of high resolution ('-' 
35 m/pixel) images of the western side of Elysium Mons has disclosed 
numerous small lava channels, some of which breach the rims of small 
impact craters. 
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fractures circumferential to r.iy - • _ many other dome-shaped 

structural control. Howeve ' ran a 0 mly oriented and lack any evidence 
features in this area tha . f J[ 50 m/pixel. Small, randomly 

of summit craters at a resoluti present in the area around 

distributed dome-like structures ^ features ua ry In size 

“UTsTin diameter . 'Most lack summit depressions and a few 

appear as elongated ridges. . int0 possible volcano- 

There have been several Mouginis-Mark et_aT 

ground ice interactions in Y features indicative of an 

[1,3] found a variety of m0 ^P pr ? 1D tt nq magma. The apparent cinder 
interaction of ground ice with e ™pti 9 1 et al> identified in 

re Th a ese' P s°eudocra S te?s a[e dome- Uke^tures Frey eL_aU 
believe result from phreatomagmatic eruptions. ^ ^ g foutt „ 

The area centered at 26 *, 220 w i s d ^ ^ Alboc and HeC ates 
volcanic center in addition to Elys Complex „ M ouginis- 

Tholii . It has been called the wsu* lava flows# and 

Sslsf SSy^taK 1 ^ morphology^ f the domes In this area is 

similar to terrestrial rhyolite ^ s pr and wiU Include . 

Further analysis is currently ^ t ^ ctura i features to determine 

of ElYSiura Mons ‘ 

REFERENCES: [1] Mouginis-Mark^^ P^OS- 9 ^! 

173, 1984. [2] MaLin, M. 1985 ' 14 Li 

1977. [3] Mouginis-Mark et_i]^, Ic3L_ ^ 400 - 401 , 1.979 . [5] 

Frey e t al._ . Lunar .. and Pl a net. • n -’ ? \’ r \ . conf. 12, P- 229-731, 

Mouginis-Mark and Brown, LunM_anOUneU_^ 

1981. 
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THE MARTIAN CRUSTAL DICHOTOMY; George E. McGill, Department of 
Geology and Geography, University of Massachusetts, Amherst, MA 01003. 

The physiographic and stratigraphic contrasts between the northern lowland 
plains and the southern cratered uplands of Mars are generally interpreted to 
imply a first-order dichotomy in the martian crust. Although this dichotomy is 
as fundamental as the continental/oceanic crustal dichotomy on Earth, no evidence 
has yet been found to suggest a similar origin. Hypotheses for the origin of 
the martian crustal dichotomy are of two general types: 1) "catastrophic" 

convective overturn of the mantle, probably associated with core formation (1) ; 
or 2) impact, either a single giant impact (2), or focussing of several large 
impacts (3) . All of these hypotheses are envisaged by their perpetrators as 
involving unusual events that occurred very early in martian history. Each 
implies physiographic, stratigraphic and structural consequences that may be 
compared with observation. LOS gravity from Viking 2 (4) provides additional 
constraint. 

By analogy with the moon, one might expect mascons to be associated with 
large impact basins; mascons are clearly present over the Isidis and Utopia 
basins (Fig. 1), but not over the proposed giant Borealis basin (Fig. 2). It 
has been suggested informally (Squyres, Pers. Com.) that the absence of a mascon 
is due to the uniqueness of the giant Borealis impact, but this argument needs 
to be developed formally. Substituting several large impacts for the single 
giant one is not a tenable 
alternative. There is no 
reasonable mechanical ex- 
planation for the required 
focussing of large impacts 
on 1/3 of the surface of 
Mars. Even if an explana- 
tion could be devised, se- 
veral closely spaced large 
impact basins must produce 
a topography that includes 
areas higher than the ori- 
ginal surface as well as 
areas lower; there is no 
way they could form a sin- 
gle large hole, all of 
which is lower than the 
original surface. 

If the giant Bore- 
alis basin really exists, 
then it must be older than 
any surviving features 
within its rim, including 
both the Isidis and Utopia 
basins. This requires 
that it be older than the 
oldest defined time- 
stratigraphic units (7) . 

The presence of inliers of Utopia basin (5) at 48N, 240V. Contour interval=10 
old upland terrain over mgal; dashed lines negative. U and I are mascons 
much of the northern associated with Utopia and Isidis basins; anomaly E 
plains (e.g., 5) supports lies over Elysium Mons. 



Fig. 1. LOS gravity (4). Projection centered on 
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this conclusion by indica- 
ting that ancient crust 
lies beneath most or all 
of the northern plains. 

Furthermore, this ancient 
crust cannot have suffered 
significant thinning by 
removal of surface mater- 
ials since early to middle 
Noachian. The oldest cra- 
ters now buried beneath 
northern plains deposits 
have suffered extensive 
fracturing and erosion 
before burial, surviving 
as rings of knobs defining 
their rims. The maximum 
depth to which surface 
materials could have been 
removed since early to 
middle Noachian thus can 
be estimated by applying 
the crater dimensional 
equations of (8) to the 
smallest surviving "knob 
ghost" craters (D=10-15 
km) . This exercise indi- 
cates a maximum of "200 
meters of lowlands-wide 
erosion of the ancient 
surface buried beneath the northern plains. It also invalidates suggestions that 
the present dichotomy boundary is significantly south of its original position 
because of erosional scarp retreat (9) requiring the removal of the top 2-3 km 
of the ancient crust. In the eastern hemisphere, small "knob ghosts" are present 
on the lowland side of the boundary right up to the scarp, indicating that no 
more than '200 meters can have been removed, and thus that most if not all of 
the relief along the present dichotomy boundary in the eastern hemisphere is 
structural. 

The impact hypothesis for the origin of the dichotomy boundary thus 
requires a single mega-event that occurred very early in martian history and left 
no mascon. The present dichotomy boundary scarp is probably very close to its 
pre-Noachian position, based on counts of "knob ghost" craters buried beneath 
the plains just north of the boundary. Hence local lack of correspondence 
between the dichotomy boundary and the proposed Borealis basin rim cannot be 
explained away as due to later scarp migration by erosion; either the dichotomy 
boundary is not the rim of a Borealis basin, or the basin is significantly "out 
of round". Despite arguments by (3), the very large size of the putative basin 
is not a problem, but its apparent lack of roundness and the implication of 
stability along the dichotomy boundary since pre-Noachian time are problems. 

A number of recent studies suggest that the dichotomy boundary is not a 
stable ancient feature. There is clear evidence of relatively young faulting 
and major erosion in northern Mars, some of it demonstrably in early Hesperian 
(10), the rest less precisely dated as late Noachian through Hesperian (11,12). 
In fact, it is probable that the widespread fretted terrain and mesas were in 



at right are Olympus Mons and Tharsis. 
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£ j 4. tKic fimp It has been proposed (13) that most of the small 
Sloped at this ti*e in tapponse to P«va,i« 

byUva”n U o«s° n at «-& » 

ss-s — 

:;:c^a= s * 

^? f ?sSS^"5sssr sxsrz 

igneous activity, most of it occurring near «t ^ ^ m , ly cause , but 

core-formation event occurred, 1 m internal because the geological and 

earlier in martian history. 
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THARSIS AND THE EARLY EVOLUTION OF MARS; Roger J. Phillips 
Dept, of Geological Sciences, SMU, Dallas, TX 75275; and Norman H. Sleep, Dept of 
Geophysics, Stanford, CA 94305 

Tharsis and Elysium provinces are the result of focused heat and mass transport in 
the Martian lithosphere that commenced early in the history of Mars. The oldest structural evi- 
dence unequivocally tied to the Tharsis structure is a set of circumferential fractures and graben 
associated with Claritas Fossae [7]. Some of the graben are seemingly interrupted by large 
craters, suggesting that they are approximately contemporaneous with the underlying 
stratigraphic units, rather than being significantly younger. These underlying units are 
Noachian in age, implying that the first Tharsis events were relatively early in Martian history 

Central to discussions on the origin of Tharsis are the relative roles of structural uplift 
and volcanic construction in the creation of immense topographic relief. The circumferential 
fractures of Claritas Fossae can be interpreted in terms of flexural uplift, but this does not imp- 
ly, necessarily, that much of the elevation of Tharsis was created by this mechanism. It is also 
possible that uplift was minor and followed a major episode of volcanic construction [2], 

. _ Conditions leading to anomalous heat transport in the Martian lithosphere have been 
classified as active [3,4] or passive [2,5]. In the former case, a mantle plume provides the heat 
source for the creation of Tharsis, although the existence of such a plume does not necessarily 
favor uplift mechanisms over constructional mechanisms. In the passive case, the pre -Tharsis 
lithosphere starts out anomalously thin (perhaps due to a large impact), which concentrates 
stresses; this leads to sustained transport of magma into and through the lithosphere. There 
need not be anything remarkable about the mantle beneath Tharsis in this instance. 

We can condense the broad scale geophysical issues concerning Tharsis to the follow- 
ing questions: How was the great elevation of Tharsis achieved? How much of the elevation is 
due to "permanent" (as opposed to transient thermal) uplift? The second question is compli- 
cated semantically because constructional processes (i.e., processes that add volume to the crust 
by the addition of igneous material) can be intrusive and lead to uplift. This has been suggested 
as a mechanism for plateau uplift on the Earth [6]. We call this process "intrusive uplift". An- 
other type of uplift is "compensation uplift", wherein lateral mass loss from a region leads to 
upward isostatic adjustment. This process is familiar on the Earth as erosion followed bv 
isostatic rebound [7]. 

Recently, a new class of Tharsis models have been formulated [ 1 , 8 ] that are "petrologi- 
cally mass conservative . This means that the mass of all elements of a partial melting process 
(residuum, melt products, lateral mass loss) is equivalent to the mass of the original source 
region that undergoes partial melting. Phillips and Sleep [7] additionally emphasize the impor- 
tance of the isostatic constraint in such a system. Perhaps the most surprising result of their 
analyses is that the so-called "isostatic effect", the consequences of the difference between 
isostatic balance and mass balance, can profoundly effect the achievable elevation in a mag- 
matic system when the depth of compensation exceeds a few percent of the planetary radius 
The process can be self-defeating: Mass transferred toward the surface contributes to increased 
positive elevation with increased partial melting because of the decreased density of solidified 
melt products. At the same time, due mostly to the effects of membrane stresses, mass trans- 
ferred to the surface becomes a load increasingly in excess of isostasy, and this contributes to 
downward isostatic adjustment. Often, it is the density of the residuum that makes the largest 
net contribution to positive elevation. 

To achieve the required elevation of Tharsis seems to require a depth of compensation 
of about 150 km or less and a depth extent of partial melting less than twice this, or about 250 
km (also taken as the thickness of a Pratt lithosphere). This value is in agreement with an 
estimate, based on a simple hydrostatic argument, from the height of the youngest shield vol- 
cano, Olympus Mons [9]. Thus the 250 km depth might mark the last vestiges of magma gen- 
eration beneath Tharsis, which we expect to have deepened with time. This result is in conflict 
witii gravity models that are purely isostatic [e.g., 10,11] and require lithospheric thicknesses of 
400 km or more. However, a small flexural load added to an otherwise isostatic configuration 
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about°o?36X* f r fo ding -about f. « for ^faulting -the 

1988>?An estimate S the^train across the Huaorua basin on the 
moon is about 0. 22%. 

Jgin'i-a 31 ^ low-angle* SSE Tau^f ^^s^te^e^^ 
anticlinal fold. Martian wrinkle ridges charactenst ical y 
exhibit a regional elevation offset (the plains on one sxde are 

higher than on the other). Shortening amounts to 5- across 

folding and 100-300 m due to faulting Regional strain across 

northern Lunae Planum is estimated to be 0.2 to 0.5.. 
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SOLID STATE CONVECTION AND THE EARLY EVOLUTION OF MARS. 

S.K. Runcorn, Department of Physics, University of Newcastle upon*Tyne. 

Recognition of the fundamental role of solid state convection in the 
mantles of the terrestrial planets, other than the Earth, has been much 
delayed because of the absence of great horizontal displacements of their 
lithospheres similar to plate motions. The latter has, of course, been 

generally viewed as the primary evidence for convection in the Earth's 
mantle. However, it can be argued that this is not the most fundamental 
evidence for convection in a planetary mantle: rather the existence of 

nonhydrostatic low harmonics in their gravitational fields is the most 
clear evidence for conductive motions. Only the high harmonics can 
plausibly arise from the density variations in the lithospheres retained 
by finite strength. 


A correlation appears to exist between high topography and positive 
gravitational anomalies but attempts to explain this by isostatic model 
have not been successful and some kind of dynamical support has been 
favoured which again points to the importance of solid state creep. 


From asymmetries detected in many craters and from supposed polar 

sedimentary deposits palaeoequators have been traced which are different 
from the present. Thus evidence exists for ancient reorientations of 

ars with respect to its axis of rotation: the necessary change in the 

moment of inertia tensor must be ascribed to changes in mass distribution 
probably associated with the volcanic processes producing the tharsis uplift. 
But again such "polar wandering" depends fundamentally on the hydrostatic* 
equatorial bulge keeping in step with the migrating pole, i.e. at 90° to 
it. This is only possible if the flow occurs in the interior. Thus 
solid state creep in the mantle is its fundamental mechanical property 

over long times. 3 


The discrepancy between the dynamical elipticity and that which is 
calculated from various studies of its shape (1/120 compared with about 
1/170; appears to require the existence of a second degree convection pat- 
tern at present. It is not unreasonable to suppose that a single cell 
convection pattern might have been important in the earliest processes 
of differentiation in Mars and does seem to be the only satisfactory way 
of explaining the hemispherical asymmetry and the displacement between 

e centre of figure and the centre of mass: an analogous phenomena to 
that observer m the Moon. 
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NORTHERN PWINS OF MARSHA SEDIMENTARY . MODEL; R^ 

Stephen SAUNDERS. Jet Propulsion 1 Lab. , Caltforni 
of Technology, Pasadena, CA 911 

Several considerations ^^®^i^ a o f a t he d surface Y geology of 
should be a PP 1 i e< ? n i n o f®^ ter ?n this model the upper few hundred 
the northern plains of M • weathered fluvial sediment, 

meters of the plains * a f ro ^ s °es! volcanis. plays a minimal 

^e rk ihe°mli«ial Underlying the sedimentary cover is similar 
to that of the ancient cratered terrains. e raUy thought to have a 
The northern plains of . history. Some earlier 

diverse makeup and a c °®Pj® i ma qes led to divergent 
observations based on Vik g 9 argU ed that a deep permafrost 
interpretations. Carr [ morphologic expression, as 

layer controlled much of the P la ?;”® S uest e t al. (2) interpret 
evidenced by giant polygons * t surface, where the overlying 
the fractured plains “ J various investigators have 

mesa material has been gripped away . This 

suggested cooling lava toex P^ ,31 Jo be unlikely on the 

interpretation was shown ^ L d Ja?osewich (4) analyze 
basis of material properti • features that occur on the 

the numerous subkilometer conical pla i ns . After discussing 

northern plains, often on Polygonal pi a. ^ conclude that 

various possible origins, . ^ -ithe? cinder cones or pseudocraters 
these features are Y olc “J°; ihis interpretation of the 

involving lava and ice 1 ^ nter ^i ?hat other modes of volcanic 
cones , if correct, would suggest «£* 0 ““ n £ y# Lucchitta et al. 
activity should also be prese^ deposit to explain the giant 
(5) have favored a thick sedin P ^ that the occurrences of 

polygons. Lucchitta et • ( ) would have collected 

giant polygons are in 1 channels They also map sinuous ridges 

sediment from the outflow channels. They^a^ te £ rain and 

along the margins of the po - d formed as pressure or flow 
compare them to Antarctic ice ridges torm^ the Acida lia 

ridges. DeHon ( 6 ) maps other lin * fra mework of sediment-ice 

plains and interprets them in a Jf^i linea r patterned ground 

associated w ^°^^^ h ^° U ^ p^ 0 ^ a ced e by U dif ferential°erosior| P in X the 

presents a . 

problem^ 6 ^hat tbe H. 

sediment-eharged floods ^ ions (9) also argues a 

alternate suggestion of py _ la i ns even to the extent of a mud 
sediment slurry origin of the plains, ev Lucchitta et al . (5 ) 
ocean covering the northern Q ^ a JJ ater as an alternate 
suggest a large standing Y denosits do not correspond to 
hypothesis, but find the polyg P h topographic map 

the deepest areas «oept locally and « rn^ t P^ 

would require a 4-km dea P Occurred. However, in comparing 

later tectonic warping may h features of Lucchitta et al. 

the mapped occurrences of polygonal x 
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with the topographic map of Christensen noi in 4 -u , 

pSs? £ plains ' iyin? — the e -f!L ( ^ 0 s.'sZi s: ssr 

=#sl=isss^ 

s: T ^ g r d iS? :r r . ~ ry 

liSlL^LyTr ^ and 

- d Pdenl °^ am ^^ e ^^ e b^ a ^ w ®^ e ®^ a ^^ e ^2 d . Py These a authors £ * 
a 5'» um f? ts . fo r an early temperate krioS in Martian 
history when liquid water could have been stable Durincr t-hic 

weathered ^Ertereire 9011 ? 1 °£ Mars w ° uld have baen thoreugMy 
Carr ,13, ^evelo^Tre^SL* £££ Tol c^L^hL 0 ^- 

beneaiS g a l srt«rtL S pertafrtrt a ?ab?£ “ Tn^tLif fr °" 

at the time of the floods may have bioc^e cold “nd' ’ bha cli " ata 
a northern sea it would have been ice covered ' 6 were 

the fo^i^^^l^of’JhTST ° f ” a ^ rlal «“"«j in 3 

X£\r.^;££?F? 

in porosity, this sediment would raver the northfre n?a® ohaa 9® 
neglecting chanreiri^othl^areas" dral " age alo " e - 

regolith L^tavJ’^JS^’aTeS^S The 

cutting 6 a ^ 2^-3^-* 

to 

sedimentary. y ter materia i s / volcanic or 

plains^Marer Jn^plte^o^rte a " ° C6an ’ the “^ern 
based on incomplete topograph^ dare ?o? thfnorL LUCCh f^ a (5) 

Christensen nS^T ( ^ 5) of the global topographic map by 

arec;crart n rid ^ocrerta??on ar ^' b ^ S ed 

uon ' ±K ' UVS ' and optical measurements. 
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provides some estimates of the volume of the northern basin so 
that the mass balance of water, sediment and basin size can be 
approximated. There are more recent maps, but no new data for 
the northern region. The mean elevation of the region below the 
base of the highland margin lies between the 0.5-km and 1.0-km 
contour. The mean elevation of the topography below this level 
is between 0 km and -1.0 km. The volume of this basin is 4-5 x 
10 7 km 3 with great uncertainty, but probably not a factor of two. 
Carr (14) states that at least 5 x 10° km are required to remove 
the volume of material represented by the Chryse valleys and 
allows that "the actual figure may have been substantially 
higher." If the actual ratio of water to sediment were 10, the 
northern basin could have formed an ocean. , 

One difficulty may be that this amount of water is high in 
comparison to any previous estimates of the Martian water budget. 
Greeley's (16) estimate of 6.6 x 10 km of water released by 
volcanics is somewhat higher than Carr's minimum required for 
valley erosion. However, Greeley used only volcanic material 
presently observed. Based on our knowledge of the early volcanic 
history of the Earth and Moon, it is unlikely that volcanic rates 
were lower on Mars in its earliest history than later. Greeley's 
observations show a peak in Early Hesperian (~3.8 BY before 
present) . It seems likely that earlier rates were much higher 
but the geologic record has been obscured. Thus much more water 

could have been available. , 

The model for the northern plains that arises from the 
above considerations would have the following features: (1) The 

epeirogenic basin aspect of the northern lowland predates the 
period of major channel formation. The fretted terrain is a 
consequent feature to the northern basin, formed by later 
erosion. (2) The northern plains are floored by sediment of 
variable thickness with provenance mainly in the upland Chryse 
and NE Elysium valleys. (3) The sediment and substrate of the 
northern plains originally contained considerable quantities of 
water. (4) The entire northern basin was occupied by an ocean. 
(5) The present surface features are predominated by the niveal 
conditions that evolved with the changing climate and the life 
cycle of the northern sea. 
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FAULT AND RIDGE SYSTEMS: HISTORICAL DEVELOPMENT IN WESTERN REGION OF 
MARS; David H. Scott and James Dohm, U.S. Geological Survey, 2255 N. Gemini 
Dr., Flagstaff, AZ 86001. 

The tectonic history of Mars can be traced, in part, by mapping faults 
and ridges that were formed during successive geologic periods. This has 
been accomplished in the western equatorial region by determining the 
relative ages of these structures based on their occurrence in rock units of 
known stratigraphic position. Three maps (Figs. 1-3) at reduced scale 
(1:50,000,000) show the areal extent of geologic units that were emplaced, 
and faults and ridges that originated during the Noachian, Hesperian, and 
Amazonian Periods. We extracted and compiled these data from the geologic 
map of the western equatorial region of Mars (Scott and Tanaka, 1986), 
considering that (1) faults and ridges of Amazonian age may extend across 
the boundaries of older rock units; (2) structures of Hesperian age may 
extend into Noachian but not Amazonian rocks; and (3) Noachian structures 
only occur within the Noachian units. We also recognized, however, that 
older rocks may contain younger faults and ridges whose ages cannot be 
determined unless they also transect younger rocks. To make these 
discriminations where the geologic base (1:15,000,000 scale) did not clearly 
reveal the age relations. Viking photomosaics (1:2,000,000 scale) were 
examined. In Figures 1-3, the rocks exposed within each Martian period are 
enclosed within hachured lines. Faults and ridges in each period are shown 
by lines marked by ball and diamond respectively. The locations of volcanic 
centers are shown for reference only, and do not necessarily reflect their 
time of origin. 

Figure 1 and previous studies by Tanaka (1987) indicate that most 
faulting during the Noachian Period was associated with three centers: 1) 

the Tharsis Montes axial trend and its northeastern and southwestern 
extensions; 2) the Syria Planun rise (-15° lat, 105° long); and 3) the 
Acheron Fossae structure north of Olympus Mons. Clusters of ridges also 
occur and are confined within Noachian rocks but may have originated during 
the Hesperian Period. 

Figure 2 shows that extensive faulting continued during the Hesperian 
along the Tharsis Montes trend and in Syria Planum, and was initiated radial 
to Alba Patera. Fault activity ceased, however, at Acheron Fossae. This 
period marked the culmination in western Mars of formation of ridges where 
they occur in a broad oval pattern around the major volcanic centers; most 
ridges are older than the faults of this period, possibly suggesting that 
those that occur in Noachian rocks were formed during an earlier period. 

Figure 3 shows the great general decline in tectonism during the 
Amazonian Period. Only Alba Patera remained as a major fault center where 
older radial systems were rejuvenated and concentric faulting was initiated 
around the crest of the volcano. Minor faults are associated with Olympus 
Mons and its aureole materials; some are very young as they cut Late 
Amazonian lava flows. 
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HETEROGENEITIES IN THE THICKNESS OF THF fi AQTir 
LITHOSPHERE OF MARS: CONSTRAINTS ON THERMAL GRADIFNtq 
CRUSTAL THICKNESS, AND INTERNAL I BYNAmIcs ’ Sean C StateES* 

Dept, of Earth, Atmospheric, and Planetary Sciences, Massachusetts Institute of 
Technology, Cambridge, MA 02139, and James W. Head^^eSoSS 
Sciences, Brown University, Providence, Rl 02912. ’ 9 9 cal 
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bending stress consistent with the strength envelope and finding for each model the 
equivalent elastic plate model having the same bending moment and curvature [3]. 

The choice of rheological boundary is to some extent arbitrary; we take it to be the 
depth at which the ductile strength falls below 50 MPa [31. We take the representative 
strain rate for the flexural response to each local load to be the quotient of the 
maximum horizontal strain given by the elastic model and the growth time of the load, 
taken to be 1 0 8±1 yr. The uncertainty in growth time contributes only a small 
uncertainty to the derived value of T m . 

A considerably larger uncertainty arises from the poorly known value for the 
thickness of the martian crust and the distinct flow laws for crustal and mantle material. 
The mean crustal thickness consistent with global topography and gravity must be at 
least 30 km [10], which corresponds to zero crustal thickness beneath the Hellas 
basin. Models of the Viking line-of-sight (LOS) residuals over the Hellas basin and 
the 370-km-diameter crater Antoniadi are consistent with complete local Airy 
compensation only if the crust is 120-130 km thick [1 1,12]. LOS data over Elysium 
Planitia and Olympus Mons can be fit with varying degrees of Airy isostatic 
compensation and crustal thicknesses of 30-150 km [13,14]. 

We assume that the large values of elastic lithosphere thickness determined from 
the local response to the Isidis mascon and Olympus Mons and from the global 
response to the Tharsis rise exceed the thickness of the martian crust. Because 
flexurally-induced curvature is modest for these loads, the depth T m to the base of the 
mechanical lithosphere is approximately equal to T e [3] and is determined by the 



Figure 1 . Summary of estimates of the thickness T e of the elastic lithosphere beneath 
major volcanic loads on Mars from the radial distance of prominent circumferential 
graben [7]. The thicknesses shown correspond to the times at which the qraben 
formed. 
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ductile strength of the mantle, assumed to be limited by the creep strength of olivine 
15]. The mimumum values of T e for the Isidis mascon and Olympus Mons correspond, 
yy this line of reasoning, to mean lithospheric thermal gradients of no greater than 5-6 
K/ km. 

While the heat flow and thermal structure of Mars are not known, we may compare 
these gradients with values derived from scaling arguments. For instance, if Mars 
loses heat at the same rate per mass as the Earth [161, then the mean heat flux would 
be about 30 mW/m 2 -K. For a representative value of lithospheric thermal conductivity 
of 2-3 W/m-K, the mean lithospheric thermal gradient would be 10-15 K/km. These 
figures would be reduced somewhat if the relative contributions to global heat loss of 
radioactive heating and secular cooling differ between Earth and Mars. 

The values of T e derived from the Tharsis Montes and Alba Patera (Figure 1 ) are 
less than or comparable to the thickness of the crust. The mechanical lithosphere 
thickness T m , which exceeds T 0 for these loads [3], is likely governed by the strength of 
crustal material, taken to be limited by the creep strength of anorthosite [17]. The 
mean thermal gradients consistent with the values of Tm for these loads under this 
assumption are in the range 11-18 K/km. The thermal gradient corresponding to the 
value T 0 = 54 km determined for Elysium Mons [7] depends strongly on the thickness 
of the martian crust. The required gradient decreases with increasing crustal 
thickness, but generally falls between those for Olympus Mons and Isidis and those for 
the Tharsis Montes and Alba Patera. 

Possible Causes of Lateral Variations. As noted above, the differences in 
lithospheric thermal gradients implied by the different values of T e must be at least in 
part due to lateral variations in temperature within and beneath the lithosphere. These 
variations can be due to lithospheric reheating beneath the centers of major volcanic 
provinces, thermal differences remaining from major pre-volcanic events such as large 
impacts [1 8], or some combination of these two effects [1 9]. The temperature 
differences, at least 400 K at 30 km depth, are too large to be solely the effect of large 
impacts of order 1 0 9 yr earlier [20]. They are, however, similar to the temperature 
variations associated with lithospheric reheating beneath hot spot volcanic centers on 
Earth [21]. The temperature anomalies beneath the central regions of major volcanic 
provinces on Mars must be similarly related to mantle dynamic processes, such as 
convective upwelling and magmatism. Whether the pattern of mantle dynamics on 
Mars during the era of volcano growth and lithospheric loading has a heritage from the 
earlier time of heavy bombardment remains open. 
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VOLCANOTECTONIC PROVINCES OF THE THARSIS REGION OF MARS: 
IDENTIFICATION, VARIATIONS, AND IMPLICATIONS; Kenneth L Tanaka and James M. 
Dohm, U.S. Geological Survey, 2255 N. Gemini Dr., Flagstaff, AZ 86001. 

Previous histories of the Tharsis region of Mars have analyzed the 
sequence of faulting and volcanism in the context of regional development 
Te q 1 - 31 . Differences in volcano morphology as a function of , 1oca ];]°" 
aqe 9 led Scott [4] to distinguish five volcanic provinces in Mars western 
hemisphere. The recent geologic map of the Martian western h emj^e[ 5 J 
shows further diversity in the volcanic and tectonic record of the area 
surroundfngTharsi s Montes, the center of the Tharsis region. The map show 
six formations consisting of local volcanic rocks (as well as many other units 
of X poss?b1 e°vo1 cani cori gi n ) that distinguish discrete centers of Tharsis 
volcanic activity. Most volcanoes in the region are located on or near 
regional structures (Fig. 1). Volcanic centers, in turn, commonly appear to 

haVe W^and^ col leagues^have^been'examining the dialled 

Davis' [7] have' distinguished 13 SltleU iHy?^ Planum (subquadrangles 1C 
17NE and SE), and Scott and Dohm [8] have identified 9 sets l^n empe erra 
isf w 4SW and 4NW) and 11 sets in Ulysses Fossae (MC 9SW andNWJ. we 
interpret less San half the sets to be made up of long regional faults that 
radiate from Tharsis Montes or Syria Planum; the remainder are shorter and are 
related to local volcanotectonic centers. Identification of these loca 
centers as well as of variations in volcanic and tectonic style within the 
Tharsis’region, enables us to divide Tharsis into volcanotectonic provinces. 
This division provides a new perspective that will assist in discriminating 
between local and regional faulting and will also stimulate reassessment of 
the volcanotectonic evolution of the Tharsis region. . 

Our preliminary analysis identifies eight volcanotectonic pro'nnces 
(Fig. 1). P All of these provinces include faults and grabens radial to the 
center of Tharsis and display locally distinctive volcanic and tectonic 
features. Characteristic volcanic styles include broad, high shields (e.g., 
Tharsis Montes); broad, low centers (e.g.. Alba Patera); and di spersed, ■ old, 
moderate-size volcanoes (e.g., those on Terra Sirenum). Tectonic styles can 
be differentiated by density, morphology, and orientation of faults and by the 
magnitude of crustal uplift or downdrop. A summary of these characteristics 

f ° r e We h stress n that S locar volcanotectonic activity developed along regional 
structures stemming from Tharsis -centered activity, generating large volumes 
of ^ol cani cmateri al and forming local fault sets. The provinces* 
considerable differences in styles of volcanism and tectomsm confirm the 
heteroqeneity of Tharsis evolution. Further work is intended to complete 
identification of fault sets in local exposures and to distinguish regional 
and local fault trends. This work will lead to a refined mapping of the 
volcanotectonic provinces and will yield a more detailed history of the 
Tharsis region than that previously attained. 
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Table 1. 

Provi nee 

‘fttarsis 

Montes 

Alba 


Tempe 


Valles 

Marineris 

Syria- 

Thaumasia 


Si renum 


Elysium 


Olympus 


Characteristics of Volcanotectonic Provinces in the Tharsis Region of Mars. 


Volcanic style 

Large, high shields; extensive 
flow fields 

Broad, low shield; extensive 
flow fields 

Several small, low shields; 
local flow fields 

Interior pyroclastic rocks (?); 
extensive plateau flow field(?) 

Broad region of fissure activity; 
small, outlying volcanoes 


Dispersed volcanoes 


Large shields and rille sources; 
extensive flow fields 

Large shield; local fissure 
sources; local plains flows 


Tectonic style 

Sparse radial grabens; a few ring 
faults surrounding volcanoes 

Dense radial and some concentric 
grabens surrounding volcano 

Dense radial and some concentric 
grabens; several local centers 

Broad uplift; deep rifting and 
collapse structures 

Local uplifts; radial and concentric 
grabens and normal faults; collapse 
structures 

Broadly spaced grabens radial to 
Tharsis Montes 

Broadly spaced grabens radial to 
Tharsis Montes; local tension cracks 

Older radial grabens; concentric 
grabens of Acheron Fossae 
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Figure 1. Volcanotectonic provinces of the Tharsis region of Mars. Heavy 
dashed lines delineate provinces. Solid areas are volcanoes; lines with balls 
are faults and grabens. Solid line outlines Valles Marineris canyon system; 
light dashed line encloses source area of Syria Planum flows. Volcanoes and 
grabens of the Elysium province occur outside map area. 
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PRIMORDIAL GLOBAL DIFFERENTIATION, MARS-STYLE 

Paul H. Warren 

Institute of Geophysics and Planetary Physics, University of California, Los Angeles, CA 90024 

A strong case can be made, albeit from circumstantial evidence, that in primordial times all of the terrestrial 
planets were substantially molten, at least in their outer few hundred km. The predominance of extensional 
tectonics on Mars suggests that it was less thoroughly melted than most of the other terrestrial planets [1]. Indeed, 
it might be argued that Mars "must" have been less intensely heated, because it is far from the Sun and apparently 
has a relatively low core/silicate ratio. Even so, isotopic results from the putatively martian SNC meteorites 
[review: 2] suggest that the planet underwent global differentiation at or very near 4.5 Ga. The density of craters in 
the martian southern hemisphere highlands also attests to a differentiation that was mostly completed within the 
first few hundred My of planetologic time. Assuming that a state of partial interior melting at least roughly 
comparable to a "magma ocean" developed on primordial Mars, it behooves us to examine what sort of crust would 
have been produced. How does the predicted crust compare with the actual ancient crust of Mars? We already have 
some constraints on the composition and thickness of the ancient martian crust, and impending USSR and USA 
Mars missions should provide many important new observations. Thus, simple predictions should be testable, if 
not now then at least within the next few years. 

As discussed at length by Warren [3], planet size has a tremendous influence over primordial global 
differentiation. In large terrestrial planets, high pressures toward the bottom of the magmasphere affect the relative 
stabilities of the various silicate minerals. In the massive Earth, pressure-stabilized garnet and Al-rich pyroxene 
must have severely curtailed the ultimate yield of crust. The essential difference between planetary "crust" and 
"mantle" is concentration within crust of the low-pressure aluminosilicate mineral: feldspar. From a mantle 
perspective, the celebrated SiC^ enrichment of the Earth’s continental crust is minor compared to the crust/mantle 
enrichment in A^O^. Aluminum sequestered into deeply buried garnet and Al-rich pyroxene is aluminum that 
never contributes to the ultimate volume of the crust. This effect has been examined [3] with quantitative models of 
high-pressure fractional crystallization; including, in some models, periodic replenishment of the melt zone with 
fresh melt from the deep interior. Crystallization sequences were modeled as functions of both melt composition 
and pressure, with constraints from a variety of recent ultra-high-pressure phase equilibrium experiments, most 
notably the results of Takahashi [4] for peridotite KLB-1 at pressures up to 14 GPa. KLB-1 has a bulk composition 
remarkably similar to many estimates for the bulk composition of the Earth’s upper mantle. Either suitably high- 
pressure partial melts of KLB-1 [4], or else (for models with initial magma ocean depth >500 km) KLB-1 itself, 
were used for initial melt compositions. The ultimate composition and thickness of the crust is calculated by 
assuming (as a first approximation) that all feldspar crystallized floats, and that it buoys up enough 
comtemporaneously-crystallized mafic silicates to bring the net density of the crust up to the 0.1 -MPa density of 
the underlying melt zone. Results indicate that a plausibly deep (^200-500 km) magma ocean would produce a 
crust comparable in both composition and thickness to the total crust of the modem Earth. 

This same model can be adapted for other terrestrial planets, including Mars. If we assume the same KLB-1 
(or KLB-1 partial melt) compositions for the initial melt zones, the resultant crusts are relatively constant in 
composition among all the terrestrial planets, but (assuming a moderately deep initial magma ocean) the final 
thickness of crust is much lower for the Earth than for smaller planets, including Mars (Fig. I A). This result 
reflects the much more extensive high-pressure crystallization of garnet and Al-rich pyroxene within the Earth. 
Depending upon assumptions regarding melt zone replenishment, garnet constitutes 0-1 wt% of the final 
crystallization products of a martian KLB-l/500-km model. In contrast, 47-51 wt% of the total A^O^ in the 
terrestrial KLB-l/500-km model ends up in garnet. Of course, this discrepancy in crustal yield is even greater in 
terms of volume percentages of the respective planets. The Earth’s 21 -km (global average) crustal thickness 
comprises only 0.9 vol % of the planet; whereas the outer 2 1 km of smaller Mars comprises 1 .8 vol % of the planet. 
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Fi, IB shows results from models whh vls"s sfe 

compositions adjusted based on the estimated composi 1 ^ Moon’s magma ocean was modeled as 

and too uncertain in composition, to warrant a separate ^ Warrcn > s (5 j -standard Initial' composition 

having an initial composition corresponding to a mix u simulating high-degree equilibrium partial 

(a.k.a. 'SI/ derived as a model for .unar Mg-smte parent ^***^TZa compost is diluted with 
melting of a high-mg chondritic silicates composi ion) encompassing 64 vol% of the Moon, 

KLB-l because mass balance suggests that a 500-km eep > magn »_• dcrivat ion of SI (pure SI would be 

would have to be a higher-degree partial melt t an assum 500-km deep magma ocean would 

appropriate for a lunar magma ocean 200-300 km ' • or composition of Mercury’s 

probably encompass 5/6 of the entire non-core portion of the plana tlU- * ^ J highly (J e 

mantle + crust is poorly constrained, but most cosmoc enusts avor eJcd ^ a 65%/35 % weighted mean 

Fe°-rich, FeO-poor) enstatitc chondrites. For Fig. 14 the initial melt ; |6) . (b) kLB-1. 

of (a) an average for the non-metallic, non-FeS, portions ^EH [?] arc similar, except the 

Results using a Mercury mantle +cmst composition proposed y g 

crustal thickness result increases from 25 to 40 km. 

The composition for martian models was an average of six proposed much 

P— of Ma, A. Table 4*M — « 

richer in FeO, mainly at the expense of Si0 2 an g ^ . h hulk-olanet composition. Also tested 

derivatives of Mars [2] has strengthened the case for a relatively of Table 11 

were compositions diluted with the relatively Al-nc martian nun {a , t hi c kncss, while having no 

(column 1) of [9], but such models only enhance the surprisingly hig i resi 

significant effect on the result for c rustal A1 2 0 3 . , 

The different outcomes from the models with fixed initial — "^“c 
more realistic initial compositions (I ig. 1 B), arise « « ams afises not from any assumed difference 

the Earth, the lunar initial melt composition is more Al-rich. T J t which nielt ing occurs. The 

in mantle + crust composition, but as a conscience of the vastly ditto* ^ Lrcmc FcG 

same factor (low pressure) leaves more A1 for late-stage melts on Moon ^ cau^ ^ ^ 

enrichment. Less FeO enrichment translates into lower melt high crustal 

comparatively free of rafted nufic silicates (i.e., ™ n< ^ r y J" pro portion of pyroxene to olivine, and the 
A1 2 0 3 result. Mercury’s 'reduced' composition leads ^ rangc D (px ) is 

pyroxene crystallization occurs mainly at pressures between and i ^GPa,^ crust-gyrating 

especially high. Extensive pyroxene crystallization severe y enrichment: FeO contents of 

melt. Another consequence of Mercury’s bulk composition is re a ive y low-density 

crust-forming melts are typically 0 54).6 x the FeO contents ot analogous Iurth uKK! mehs. 
melts engender a crust that is comparatively free of mafic silicates, hence the high crustal A1 2 0 3 

(this density effect also works to limit crustal thickness). 

„c- S Mare, wb,cb , S — » be 

generated, and only a trace of garnet. The resultant hrgl i degra : ^ ^ ^ depth fof the nurtian magma 

remarkably thick model crust (Fig. IB). T e ar itrary c o crusta | thickness would be commensurately 

ocean model of Fig. IB may lx. too high, in which case the cnis a. th^kne^ o 

overestimated. Recall, however, that grates, and 

especially buoyant over the extremely FeO 8 Modc , resute for a rangc of initial depths and detailed 

consequently the crust is relatively impure ( ow 2 3 * should be decidedly less anorthositic than its 

compositions indicate that the magmasphere-gcncratcd crust of Ma : sho^ i Id ^be deeded.y 

counterparts on the Moon, Mercury , and even the primordial Earth (Fig. )• 
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co^d“Z^A, , 2 ^taeL'ta"' C ^ , T” h ' S '" aDdS “ 3,50 " i,h the **** 

- — - ■ *'<** scLly dus mJZZJiZ fvl^oVS ','°' d ™ S ,S Profc,bl> 

least 50 % of the regolith’s mass is derived from ,h„ 1 T, I f 2 °3 ° f ,he ,owlands ls at ,east 4 wt % , and at 
cover roughly 60% of the planet) is unlikel to be highlands, the average AJ 2 0 3 content of the highlands (which 

the scant observational evidence curl^tlh., > Va ^ A "** CrUSt f ° r Mars is also favored by 

mean global thickness of cTst 77^30 km l"d ^ l",' ^ ^ 8 * uk resu,ts tha ‘ ^ 

Elysium dome region (possibly an area of atvnirall ih ® ravlly . e mg su8ges,s that crustal thickness in the 
precise constraints on “ CrUSt) “ r ° Ugh ' y 5 °- 80 km M. Acquisition of more 

regarding its origin and evolution. ° ‘ 6 mart,an crust wlU a,,ow mor e definitive judgements 
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PERIODICALLY SPACED WRINKLE RIDGES IN RIDGED PLAINS 
UNITS ON MARS. Thomas R. Watters, Center for Earth and 
Planetary Studies, National Air and Space Museum, Smithsonian 
Institution, Washington, D.C. 20560. 

Ridged plains units cover over 3% of the surface of Mars and 
range in age from Hoachian to middle Hesperian. These units are 
characterized by smooth plains and the presence of landforms 
analogous to mare wrinkle ridges. Although the exact nature of 
the ridged plains material has yet to be determined, 
photogeologic evidence of volcanic landforms, comparisons with 
terrestrial flood basalt provinces and lunar mare, proximity to 
major volcanic centers, and presence within large impact basins 
suggests that they are the result of flood volcanism (1, 2, 3). 
The origin of the wrinkle ridges has been the subject of a 
number of recent papers and some debate over the role °J 
buckling and/or reverse or thrust faulting (3, 4, 5). However, 
the general consensus is that wrinkle ridges are tectonic in 
origin resulting from horizontal compressive stresses. 

A characteristic of the ridged plains first noted by 
Saunders and Gregory (6) is the periodic nature of the wrinkle 
ridges. The regular spacing of the co-parallel ridges has been 
analyzed by dividing ridged plains provinces into domains based 
on factors such as: 1) ridge orientation; 2) borders with major 

tectonic features and; 3) contacts with other geologic units. 
Statistics on the ridge spacing were determined using a series 
of sampling traverses spaced at roughly 12 km intervals oriented 
perpendicular to the mean orientation of the ridges within a 

defined domain (Table 1). r ,i 

The periodic spacing of the ridges suggests a deformational 

mechanism involving a dominant wavelength, viscous buckling 
models have been suggested (6, 7) but these models ignore the 
influence of gravity and relevant boundary conditions. The 
model proposed here assumes that: 1) deformation has occurred 

at the free surface; 2) the ridged plains are a multilayered 
sequence that behaves as a linearly elastic material resting on 
a mechanically weak regolith of finite thickness which is in 
turn resting on a rigid boundary (figure 1); 3) gravity is not a 
neqligible factor. The model also assumes that units of flows 
are separated by thin regolith interbeds that allow free slip 
between the individual units. This is consistent with evidence 
of subsurface radar reflectors detected in the ALSE data over 
Mare Serenitatis and Crisium interpreted to be deep-lying 
density inversions consisting of a regolith layer (8, 9). 

Recent data from deep wells near several of the anticlinal 
ridges of the Columbia Plateau, which are good analogs to 
planetary wrinkle ridges (3), show evidence of sedimentary 
interbeds separating groups of individual flows. Based on these 
assumptions the critical wavelength A c is given by. 




.2 \ T? \ J_ /Pnf 3 /V)/l —1/2 \ . ff \ 1 ^ 


3 
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* nd E o the Young's modulus of the plate and 

+ if^ te ^? S ? 6CtlVe1 *' h Q the thickness of the substrate 
t is the thickness of an individual group of flows, n is the* 
number of groups, , 8 is the density of the substrate, g is 

r^?tf^? lerat i 10n t0 cavity and v is Poisson's ratio. The 
criticai wavelength as a function of the ratio of elastic 

modulus e/e o for values of t of 250,350 and 500 m using an 

and^eao ?^^ 31 ^^ 10 ^ 11 ®® 8 ° f the ridged Plains material of 4 km 
thf ShleidoS s V5 strate of 4 km is given in figure 2 . Many of 
the observed ridge spacings can be explained provided that the 

C °a It in e ^ ast i c modulus between the ridged plains material 
and the regolith E/E Q is on the order of 500 to5?o“. Such a 
high range of E/E^ is not unreasonable given the degree of 

ThrcJiticai a StresI h po * osity of a typical lunar regolith ( 10 ) . 
ine critical stress a c to achieve buckling is given by: 


- [ (tEE 0 /n3 (l-v 2 )h 0 ) + (tEp s g/n 3 (1-v 2 ) ) ] * 


Critical stresses for most of the wavelengths shown in figure 2 
S en ? n EyE o of 500 to 5,000, range from about S . 6 to 1?! ' 

^ ssum ?; ng the ridged plains material is basalt-like the 
compressive strength of the material at a depth of 4 km usina 
® y *^ e f/ s 1 Vl A ; a PPifoximately 1.7 kbars. Thus, basef on ?his 

least ?n?tf i ?? ed K Pl J in u 1 1 ! ,iaterial would be expected to deform at 
least initially by buckling when subjected to a sufficiently 
large horizontal compressive load. y 
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AN ANCIENT VALLES MARINERIS?; R.W. Wichman and P.H. Schultz. Dept, of Geological 
Sciences, Brown University, Providence, Rl 02912. 

Is Valles Marlnerls |VM) on Mars unique to processes associated with Tharsls relatively late In 
mar an geoog c Istory? Or Is It only the last and best preserved ma|or canyon system on the planet’ 
shallow trough system concentric to Hellas (1. 2. 3) may represent such an ancient canyon system 
comparable In width and extent to Valles Marlnerls. In this contribution we compare these two sys- 
tems and consider the proposal (4) that Valles Marlneds Is an analogous Chryse-centered trough 
ys em rejuvenated by mobilization of trapped ground-ice dudng Tharsls lectonlsm/yolcanlsm 

c.nmr e n! 4 a o W h C ?rT lri0 H<, " aS (HC) °° CUr be,w '’ e " ' 90 ° a " d 2500 km '™"> baeln 

cente outside both the extrapolated Hellas boundary scarp and the associated topographic expres- 

siono eHellasbasIn (5). The individual troughs range from 30- too km In width and (ram 300 lo 800 

«h JZ m b T"" g S ° a,PS are 9enera ' 1 '' 4 S * * * " 9hllV ' Urr ° Wed ln appea ™"=» and rectilinear In plan 
wl h rellets on the order of 0.5 Km Irom earth-based radar data (6). To the south, the scarps lose 

merge nto the cratered plains, although ridge/scarp systems on Malea Planum (Chal- 
OOPO'OS and PHyusa Rupes In particular) may represent a continuation ol the trend. To the northeast 
he trend Is lost near the crater Huygens, perhaps overpdnted by Huygens-related tractures The 
roughs have been doored by Intercrater plains units, and a back-slope away from the troughs is 
suggestive of block rotation or relaxation after canyon formation. 

The geometric similarity between the HC and VM relative lo the Hellas and Chryse impact basins 
respectively, are documented In Figure f. The Hellas canyons are 1900-2500 km from the Hellas 
asn center, whereas the Valles Marlnerls canyons exhibit elements 1850-2500 km In distance from 

Z Z 1 he hIs ° hrVSe baSln C6nter ThS ° h ~ ,,C tenglhs lbd s vstems are 
a so similar, the Hellas canyons extending over 2600 km: Valles Madnerls extending -3300 km before 

exhlhu h" 9 ?° n0 thS ° ha0,IC ' erralnS arCWn9 ar0U " d ChrVS ° 10 lhe east ^ugh Vallaa Madnerls 
exNblt a broad spectrum of canyon widths in general (from 50 to 150 km), less modltled elements 

further rf T bu, 0n °' ,he " arrower Hellas canyons (Figure 2). The histograms in Figure 3 
further Indtcate a correlation In both continuous scarp length and linear segment length ol the HC 

HebesTn 7 h TT ' en9,hS ' he Sh ° r,er ' VM canyons (GangL Jentae 

Hebes), Deviations of boundary scarp strikes relative to the mean system strike between the two 
canyon systems are also similar. 

The HC scarps are more subdued than the VM canyon walls, but possess similar spur and groove 
textures. ANhough the plains units cut by the VM canyons are regionally elevated along the VM trend 
(7). a raised lip along the VM walls Is apparent In some topographic maps (8). thereby indicating local 
back slopes atong the VM simitar to those observed In the HC. Gravity analysis o, the VM further 

maSS *T SS al deP ' h a " d P °° r COmpensallon 01 IT® mass removed by canyon formation 
(9) . Relative uplift due to compensation along the canyon would result In apparent rotation ol the 
bounding scarps and produce a feature analogous to the HC troughs. 

4 ,o T a e km 0 rm aPl ZT ‘ W ° Sys,ems ' he canv °" dep,b: VM o a "v°" a lyplcally 

4 to 8 km (8) with HC canyons only -0.5 km (6). This may partially reflect the much older age of the 

H fnnn 77'^" C,a ' er 00unls and slra,l 9 ra P h| o relations along the HC scarps yield crater aqes ol 

125^200^19) T 51 ' 1 !! km ’ Wh6reaS W ° UIS V0l0anl ° Plal " S Unlls wllh N > 5 > a 3» s aa young as 

200 (9) wllh possible modern volcanic actlvily along the VM lault scarps (10). The oldest age lor 
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VM has been largely consumed by backwastlng although Ihe associated outflow <=^nn®ls date Iroht 
an N(>5| age ot about 27 (1 1 ) and very ancient subparallel troughs extend to pre-TharsIs times (12. 

13) ' Discussion: We have modeled (3. 14) Ihe Hellas canyons as Impact-related ' r “' ur ^°' a 
lithosphere about 120 km thick. The geometric similarity ol the Vales-Madnerls/Margad ller-Chaos 
system and the Hellas system with respect to basin centers (Figure 1) Is consistent with a similar 
::rr,or the development - P-ursoty weaknesses about Chryse. In pro, lie. . e ^two sys em 
are similarly located relative to the lopographlcally defined centra, impact ’***' LT C 'l s 
massil rings, however, the VM system Is slightly larther (rom the basin center than HC. p 
due to thickening of the lithosphere with time or variations In global thickness. 

The formation ol Valles Matlneris Is thought to result primarily from an enlargem g 

and/or ,11, structures by mass-wasting, modified by subsequent deposition of Inlerlor Ml, deposits 
(15) The Initial rifling episode Is frequently cited as related to the evolution of the Tharsls rise to the 
west ,7,5) and to the Tharsls- radial trend o, Valles Marlneds ,16. ,7). Tanaka e, al. 
more specifically tha, ,h. VM developed from an Initial elongate thermal anomaly be^a h the ^ 
region Continued erosion and thinning of the lithosphere eventually mobilized ground ice by In- 
creased hea, flow and magma. Thermal uplift led to doming and dftlng near the surface and allowed 
volatile release which further enhanced the surface expression of the rifting process. 

“temaLeV, the Chryse Impact established a concentric zone c, llthosphedc failure analogous to 
Hellas Subsequent erosion filled these canyons with a sequence of sedimentary and electa depos s 
capable of storing the water released by Impact or volcanlsm Into the early martian environment. 

: b ; n , plans volcanlsm of Lunae Planum and Slnae Planum capped these units, the odglna 
11 , canyon sequence would be preserved as vcla,.e-dch reservoirs In specific zones about 
Chryse. Thermal reactivation associated with Tharsls would subsequently localize renewed fracturing 
auditing Into an elongate region as In (9) and release the volatile reserves stored since the thne 
of Chtyse formation. Thus, thermal evolution during Tharsls construction could rel^ena e an older 
Impact fracture system as the VM canyons through the mobilization of specific volatile traps. 

References- (1) Peterson J.E. (1978), Pro c. Lunar Planet Scl. Coni. IX. 34,1-3432. (2) Schultz 
", [unar and Plane,. Scl. XV. 728-729. ,3) Wlchman R.W and 
and Plane,. SC. XVIII. ,078-1079. ,4) Schultz P.H. efal . (1982). J G^pbys Res. ^ 9803^820. 
(5) Wu S S C. e, al. (1985). NASA TM 88387, 614-6,7. (6) Roth. L.E. el al. (1987T per 
communication. ,7, Blairs. K.R efaf. ,1977). d. Geopbys. Re, 82. 

Survey Maps 1-1294 (1980) and 1-17,2 (1986). (9) Tanaka K.L. ef at. (1985) NASA TM 88 . 

603-604. (10) Lucchlta B.K. (1987). Science 235. 565-567. („) Masursky H.T « at (1977). X 
Oeophvs. Res. 82. 40,6-4038. (12) Schullz R.A. and Frey H.V. (1988). EOS 69. 369 390 ( > 
Wlchman R.W. and Schultz P.H. (1986) , Lunar and Plane,. Scl. XVIII 942-943. (14) Wlc man 
(1988). Master-s thesis. Brown University. ,15, Lucchlta B.K. (1987). Lunar and « n -. Sc XV I . 
572-573. (16) Wlllemann R.J. and Turcotte D.L. (1982). J. Geopftys. Res. 87. 9793-9802. (17) 
Banerdt W.B. et al. (1982), J. Geophys. Res. 87, 9723-9734. 
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AN ANCIENT VALLIS MARINERIS ? 

Wichman. R.W. and Schultz. P.H. 


HELLAS - HC PROFILE 



CHRYSE - VM PROFILE 



500 km 

derived from Wu (1985) 
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Figure 2. Comparison of VM and HC Feature Widths. 

Figure 2a Histograms of the rim-to-nm widths of the VM and HC 

55 n -60\mmtTr S vaTs eaSUred ^ ^ t0P ° f ,he Canyon wal1 scar P s at 

thp h»’£ r Hls, °S rams of the valley floor widths measured between 
the bases of the canyon wall scarps at intervals of 55-60 km. Note the 
common peaks at 20-40 km and 60—70 km widths. 


Figure 3. Comparison of VM and HC Scarp Lengths. 

.... Fl ^ r . e . 3a Histograms of continuous scarp lengths comprising the 
m and HC systems, measured at the top of the canyon wall scarps. 

Figure 3b. Histograms of the length of linear scarp segments com* 
prising the scarps of figure 3a. 
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tee relevance of knobby terrain to the martian dichotomy 

Don E. WILHELMS, San Jose state University £se Ia’IsIbr'; and 
KV. BALDWIN? KroSSKSS?^^'^,: nenio Par*, 
CA 94025 


•The problem: The martian uplands consist °f a e^nartl^cov- 

ered 1 ”by t diverse? e unmoonlike^deposits? i *The^lowlands^contain tela- 

generally U southern S uplands are separated ^°” e t ^ a ? e “ooipasses 

craters and buried by . fundamental feature of Mars. 

Upland^I terials^alonq^the^u p i and-low^nd f ront front h-eheen 

sod^landslides^^SiroTlarly^modif led 
p?i;"f b rin^^eniSg deposits^ Ms are the most common 

modifiers of the inliers. . 

This similarity of the upland ‘aSe process 

tion zone has led to a common =|2d ?he low5lnds Ind the P front. 
not only modified but e converted into lowlands by 

One idea was that the uplan h the eroded material went was 
erosion, but the problem of SU aqested that the dichotomy 

resulted^roD^an ?arly' flrit-order^onvection of f ^ d ^caui e all 
e?sfhld failed?"and was nSt supported^^evidence from^any ^ 

?esS!ve f eLrappL«rtrbe^^impasse a in ^“preting^he^ a 
dichotomy an< ^ 2v. e known early history of the Solar 

SyrttS^a giant® impact . 

and indicate a center at about 50 N. , 190 W. 

subseouent studies have addressed this hypothesis, mostly 

with skepticism [4-6] nc^apparently 3 ??^ in 1 ?he biiief 

major barrier to its acceptance ap P. . th ^ ex i s tence of Borealis. 

that the inliers are of a certain combination 

However, uplands in the geologic sense of a . 

rro^a?!r5I1inir b rSfsiz^r^e^dis e tri b u?ion of the 

smaller basins (despite [6]). 

irthf!o^fnS Enoh£; ^e??ain is 5S. S3 in circular patterns. 
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knobs and the dichotomy 

Wilhelms, D. E. and Baldwin R. j. 


?hat 1 k^b^rtLrai“muft k tave Y h^ff reS h° those of the uplands, 
rain. We havi dated ?" or from upland ter- 

lowland occurrences Elysium and Ama ^ ?°V nbs i n its main 

157 5 ° - 20 ? “t„ nc ®„' Elysium and Amazonis Planitia, 0"-30“N 

$S?S? 1 (Table <-JT W 

defined most distinctly by HDK ldk Lhi'ih Crate r rims are 
knob material unrelated to the S 1 2® a-® Uch . Y ou ng inter- 

that predate the knobs from We dls tmguished craters 

craters 1 deposits a^e t^SLw ^^ P? stdat e them. The older 

superposed^raters^avebcomplete 32S S&SS? ^ 

modif i e d^and^superpos e d^c rater^for^twQ ® imilar counts of 
??ont i 7?l Y anS t ?or “^"hS S ° Uth ot the knob-stSdyJrJrand^lT 

front (FK; centered at°5^s' ^y^T^^one^nl de P oait along the 

Another contains valley networks n/ri t« SS aeposits (PT) . 
that of PT has been pa?tir™ve?ed^i ‘ a a ba ?f m< r nt like 

the valleys were incised lat f r de P°sit xn which 

compare both th t 3 £It , obsl^ed aSes ■ OUntS i We ? an 
tlons^of upland materials on both liSefof tte “St^Tawi"??' 

HDK is A colparawrin h Iensi?y , "of i 2a?i ag ?in f v a ter f aln ' s substrate. 
Of the front. Thus HDK is a^LnJ 1 ^16-km craters to PT south 

verted partly into knobs idk an^rr 6 ^ 310 - has been con- 
"all" craters This similar-?^ and VT ?F e Slmi l ar m densities of 
simila? Extensive i?aSisi?fi?' 33 "f 11 a ? the Presence of 

units also originated as Stands! K Sh °" that these 

elapseS%S 1 a y t«rfir^s“od?f?ei rS STs^hfh^V* 8 ■ 

I! ^?^va^i2^ 

fou^uni^rLriirs^har?n h ;od?nca??on d a^? itS ' The ° ther 

well g^ln^he 11 ?^ - " U P 1 ?n d " geology occurs in the lowlands as 

^f? d a*as^®ll* 1 other°known 1 martian d features? ^“S *H\ nv 
2S?i??f“i" ^^ rLunae SSum ag^) . ^nffdate^of 

odf wi Uliewl ?hat 9 vanevs d f eCted J y tl0] by different meth- 

s^ss^ i ^ d f5£tissr tion ^ “ “ts.^ » 
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KNOBS AND THE DICHOTOMY 
Wilhelms, D. E. and Baldwin R. J. 

Therefore starting with similar raw material, the Early 

".speria" e^ts P-f SL^i^hf SpE-Ti 

waSing'bJ igneouHnt^i^s [9J. Here we suggest that^he 
knobby terrain was created when its ice difference 

^ i9he LSrLrrains n in h ?hI°two hlivirSf ?he“ariian dichotomy . 
iCpportfrlthe? than refutes the existence of the Borealis basrn. 


*->£ ^exr U ifei^ 1 ?ro?5%fyoSn^ r ^:°^L f SLcK i iln ; d ^ n S?d. 
die wachian; UN. upper Noachian; LH, Lower Hesperian; UH, 
Upper Hesperian. 


>5 km 


>16 km Area (x 10 6 km 2 ) 


Age 




Supernosed craters 


LDK 

IDK 

HDK 

FK 

VT 

PT 

73 ±13 
145 ±12 
165 ±25 
162 ±25 
175 ±23 
300 ±17 

5 ±4 
20 ±6 
20 ±10 
38 ±12 
29 ±8 
83 ±9 

4.739 

6.160 

2.048 

2.467 

2.328 

1.083 

UH 

LH 

LH 

LH 

LH 

UN 



All craters 



LDK 

FK 

IDK 

VT 

PT 

HDK 

«190 
272 ±33 
525 ±23 
537 ±15 
665 ±26 
935 ±65 

43 ±10 
89 ±19 
151 ±13 
172 ±9 
235 ±15 
210 ±35 

4.739 

2.467 

6.160 

2.328 

1.083 

2.048 

UN 

UN 

MN 

MN 

LN 

LN 


RAfaranees: Til Wise D.U. Golombek M.P. & McGill G.E. ( 19 ^ 9 l„ r(= 

T^ er !? C6 » 7 Q^i- 7 q -39 r 2 1 Carr M.H. (1981) The Surface o f Mars, 

if?; *1' Is, II! 7 f 3 3 )-WilhllSs r D.E. t Squyres S W. (1984) BaSurs. 
... ' ^ ■> 7 Q —140 r 4 1 Frey H.V. Schultz R.A. & Maxwell T.A. 

LPS XI A f p* J , / 1 qq7 \ t pq YVTTI o. 1084 — 1085. 

[?| SiiKS l± faidwil l± [ills! SaSSy* 3 i» pr-.; 

101 Frey H.V. i Semeniuk J.A. (1988) 1ES_XI|, P- 360-361. (11) 

Tanaka K.L. (1986) Prop. LPSC 17. p. E139-E158. 
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NOACHIAN FAULTING IN THE MEMNONIA REGION OF MARS. 
James R. Zimbelman, Center for Earth and Planetary Studies, 
National Air and Space Museum, Smithsonian Institution, 
Washington, DC 20560. 


c ° rre ^ atl ° n of results from photogeologic mapping and 
Earth-based radar measurements of topography has identified 
several normal faults, each possessing hundreds to thousands of 
meters of vertical relief, within the ancient materials present 
m the Memnonia region near Mangala Valles (l) . while the 
coverage of Earth-based topographic data for Memnonia is 
somewhat limited, the geomorphic characteristics of the faults 
next to Mangaia Valles have been used to identify comparable 
faults throughout the Memnonia region (0° to 30° S 145 ° to 
165 W; see Fig. l) . The faults are quite numerous and are all 
£J 1 f n ^ d aPPfoximately north-south; this orientation indicates 
that the faults probably are not related to the Tharsis uplift. 

mapping of the area around the upper reaches of 
Mangaia Vailes, at a scale of 1:500,000, is under way as part 
of the Mars Geologic Mapping program (2). Results of the 
mapping indicate that the Mangaia Valles channel system 

SV! aSt bhree distinct flooding events that spread 
channel related deposits and erosional scour over large 

of .^ he highlands (1,2). The course of the Mangaia 
lies flooding events was constrained by the significant 

yfii e 5i2 SS S Clat ® d J with normal faults in the Noachian materials 
i d6S 5 pe 5 lod on Mars; 3 ) of the southern highlands. 

rada 5 measurements (described in 4) indicate that 

£eliff rFia ar ?? nd w an 2 al S Z alle f haV ® 1 to 2 . 5 km of vertical 
I 1 ?* " est of Man 9 ala Valles the cratered terrain 

t ° war ^ the east and, if an aquifer was formed within 
the highland materials, the flood waters that produced the 

*^T\i yStem - mS ± Y have been su PP lie d through plains tilted 
during the period of north-south normal faulting (5). It is 
possible that an unnamed channel system along 161° W (Fig l) 
also may be the result of groundwater movement controlled 'by 
the major faults in the area. y 

. _ T? e . cr ? ter retention age for the earliest Mangaia flood 
deposit is lower Hesperian, much older than the young 
5™£? lan materials of the Tharsis area but younger than the 
•i.iv C ^ ian mat erials in the highlands (3), so that the faulting 
likely predates most of the Tharsis Montes materials (1). 5 

This conclusion is in agreement with the results of Schultz (6) 
who examined several structural landforms in the heavily 
cr a tered terr a in of Mars, most of which showed no relationship 
Sb 5 ess . flel J? predicted for proposed formation processes 
for the Tharsis uplift. The distribution of ancient faults in 

( ? lg ‘ does not su PP°rt the presence of an ancient 
impact basin under the present Tharsis uplift (suggested in 

7 :.. Th f ancient faults are most likely related to forces 
within the early martian crust, perhaps due to thermal stress 
accompanying a cooling lithosphere (6) . 

REFERENCES: (1) J.R. Zimbelman, submitted to Proc. LPSC XIX 
1988. (2) J.R. Zimbelman, LPS XIX, 1319-1320, 1988. ~{3) dTh! 



Noachian faulting in the Memnonia region of Mars 
J.R. Zimbelman 

Scott and K.L. Tanaka, B^f^ 2 H “ 9 ^ fi ^|igraphi C data G ' S ' 
Downs et al., ISfiEUfi 2£;J . (5) J.R Zimbelman, 
provided by G.S. Downs ib/lgital^form) Reg . 7849- 

GSA &nn Htg» 1988. (6) R.A. Schul ' LPS XI 891-893, 1980. 

786071985. (7) J.B. Plescia et al., LPS XL, 
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Figure 1. Location o f . m ^ or f f JJJ^g^onia region "shaded 
ancient highland materials of the »n highland materials 
region) . The unshaded region north of the nj 

consists of Amazonian age /^eria: Ls or ^ ^ highland 
Formation and the un ® h J ded J to Hesperian age materials of 
materials consists of highland materials are 

the Tharsis Montes Formation, th Das hld lines indicate channels 

primarily Noachian in J g ® ’ th * the channels between 149° 
produced by flow toward the north, the alQng 161<) w 

and 157° W form Mangala Valles b for both channel 

are unnamed. Volatile ®torag major faults. The dotted box 

sh!ws B ?he a iocatSn o? the topographic profiles in Figure 2. 
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f ® 2^°t h rSottiTS i 22ch b prcfUe corresponds 't^the 0 ^ 
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THE SHALLOW STRUCTURE OF THE LITHOSPHERE IN THE 
COPRATES AND LUNAE PLANUM REGIONS OF MARS FROM THE GEOMETRIES 
OF VOLCANIC PLAINS RIDGES; M.T. Zuber 1 and L.L. Aist 2 , kieodynamics Branch, 
Code 621, NASA/Goddard Space Flight Center, Greenbelt, MD 20771, 2 Department of 
Mathematics, University of Maryland-Baltimore County, Catonsville, MD 21228. 

Wrinkle ridges are common tectonic features on Mercury, the Moon, and 
Mars and are frequently found in volcanic plains units of these bodies [e.g. 1 and 
references therein]. On Mars, some of the most prominent assemblages of volcanic 
plains ridges occur in the Coprates and Lunae Planum regions [2]. These ridges 
most likely formed due to stresses associated with the response of the lithosphere 
to the Tharsis load [3-5], and form a nearly concentric pattern with a regular 
radial spacing of approximately 50 km [4, 6, 7]. Individual ridges have widths of 
approximately 2-15 km and vertical relief of 200-1100 meters [8]. 

A number of attempts have been made to infer the local structure of the 
martian lithosphere on the basis of the regular spacing of the ridges. Saunders et 
al. [9] applied the theory of folding in a viscoelastic medium [10] and concluded 
that ridge spacing is controlled by the thickness of the competent or strong 
volcanic surface unit and the viscosity contrast between the volcanics and an 
incompetent or weak semi-infinite substrate; they interpreted the substrate as the 
martian megaregolith. On the basis of the wavelength/layer thickness ratio 
predicted by the theory and the thickness of volcanics [=sl-2 km; Ref. 11], they 
determined that the viscosity contrast between the volcanics and the substrate was 
approximately 500. Watters [12] alternatively suggested that the ridge spacing is 
controlled by a 15 km thick competent near-surface layer on the basis of the 
assumption that the dominant wavelength/layer thickness ratio (A^/h) for elastic 
thin plate buckling is about four. More recently, Watters [7] recognized that the 
megaregolith could be more realistically represented as a layer of finite thickness 
rather than an infinite halfspace, but he formulated the relevant elastic buckling 
problem incorrectly. From his results he concluded, in agreement with Saunders et 
al. [9], that ridge spacing is controlled by the thickness of the volcanic surface 
layer. 

We contend that because so little is known about the shallow subsurface 
structure of Mars it is necessary to consider a range of possible mechanical 
structures that could be consistent with the spacing of the ridges. Therefore, we 
are currently developing a suite of compressional deformation models that 
incorporate many features that have not been addressed in previous studies. On the 
basis of the current knowledge of the subsurface structure of Mars in the vicinity 
of the ridges, we invoke a baseline model of the lithosphere that consists of a 
thin, competent volcanic surface layer that overlies an incompetent megaregolith 
and a competent crustal lithosphere. We use the spacing of the ridges and the known 
thickness of the volcanic units as the primary constraints on the vertical 
rheological structure. 

Thus far we have investigated two classes of simple models. The first 
consists of a strong layer underlain successively by a weaker layer and a strong 
halfspace, all of uniform strength. In this case the entire lithosphere is free to 
deform. This corresponds to a situation in which stresses of sufficient magnitude 
to induce deformation penetrate deeper than the base of the megaregolith. In the 
second case the lithosphere consists of a strong surface layer underlain 
successively by a weak layer and a rigid boundary, which represents a scenario in 
which deformation is confined to very shallow depths. For each of these models we 
have explored the effects of layer thickness, rheology, layer strength contrasts, 
and the effect of gravity. The rheologies that we have considered, assuming a 
relationship between strain rate (f) and stress (a) of the form £=Ao n , are 
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MARS LITHOSPHERE STRUCTURE 

Zuber and Aist 


Newtonian viscosity (n=l), non-Newtonian viscosity (n=3), and perfect plasticity 
(infinite n). The linear viscous solutions are equivalent to elastic solutions if 
velocities are replaced by displacements and viscosities by modula of rigidity. 

Figure 1 shows an example of the results for a uniformly compressing linear 
viscous model lithosphere (ni_ 3 =l) with a strong surface layer, weak subsurface 
layer, and a strong substrate that is free to deform (the subscripts 1, 2 and 3 
correspond to the surface layer, subsurface layer and substrate, respectively). The 
figure illustrates how the predicted dominant wave number (k d ’) and wavelength 
(-^d/hj) vary with the thickness of the weak layer (h 2 ) for three values of the 
strength contrast between the surface and subsurface layers R 1 (=r 1 /r 2 ). The 
strength contrast between surface layer and substrate R 2 (=^i/r 3 ) is assumed fixed 
at 0.5. Note that large R x or h 2 yield wavelength/layer thickness ratios that are 
compatible with the observed ridge spacing. For R^lOO or more, a regolith 
thickness of 5 km or greater yields acceptable solutions. This range of regolith 
thickness is at the upper limit of, but consistent with, current estimates 
determined from crater and volatile studies [e.g. 13J. The solutions are not 
particularly sensitive to n 2 , n s or R 2 for R 2 <1. 

The dominant wavelength for a model lithosphere consisting of a strong 
layer underlain by a weak layer and a rigid base is less than that for a layer 
underlain by a semi-infinite halfspace. Figure 2 illustrates this for a plastic 
layer (n^lO 4 ) that overlies a non-Newtonian layer (n 2 =3). The figure plots k d ’ and 
A d /h] as a function of h 2 . In these calculations it was assumed that deviatoric 
stresses in the lithosphere are weak enough such that gravitational effects are 
important. Large h 2 /hj corresponds to the limiting case of an infinite halfspace. 

Note that none of the conditions shown in Figure 2 can explain the spacing of the 
ridges. For a plastic surface layer, Aj/hj is insensitive to changes in Rj [e.g. 

In all of the cases that we have examined with a plastic rheology, either 
the wavelength/layer thickness ratios are too small to explain the spacing of the 
ridges or the models yield multiple wavelengths of deformation. Since a perfectly 
plastic rheology is a continuum approximation of a medium that undergoes 
deformation by pervasive faulting, we conclude that such rheological behavior 
cannot account for the spacing of the ridges. 

We can make several other preliminary conclusions about the structure of 
the martian lithosphere in the vicinity of the regularly spaced volcanic plains 
ridges. First, if the volcanic layer displayed viscous (n~l-3) or elastic behavior 
at the time of ridge formation, then an underlying weak regolith of uniform 
strength must have been at least several km thick. Furthermore, the strength of the 
regolith must have been at least an order of magnitude less than that of the 
volcanics. For a given A d /hj, the strength contrast between the volcanic and 
regolith layers "trades off" with the thickness of the weak layer in a manner such 
that a greater strength contrast is compatible with a thinner regolith. Another 
implicit result is that if the megaregolith was thin (on the order of 1 km or 
less), then the thickness and mechanical properties of the volcanics could not have 
played a central role in determining the ridge spacing. The length scale in this 
case would have been controlled primarily by the thickness and material properties 
of the sub-regolith lithosphere. This would be interesting in light of the fact 
that the ridges (not only on Mars, but on the Moon and Mercury as well) form 
preferentially in volcanics. 

References: [l]Plescia, J.B., and M.P. Golombek, GSAB, 97, 1289-1299, 1986. 

[2]Chicarro, A.F., et al., Icarus, 63, 153-174, 1985. [3]Banerdt, W.B., et al. 

JGR, 87, 9723-9733, 1982. [4]Maxwell, T.A., JGR, 87, A97-A108, 1982. [5]Sleep 
N.H., and R.J. Phillips, JGR, 90, 4469-4489, 1985. [6]Wise, D.U., et al., Icarus, 
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